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construction pericd. Objectives of this research program are to develop tech-

b nigues to minimize and control scour during nearshore construction, and to

: predict the probabie magnitude of scour that may result as a function of cur-

rents and wave climate. One phase of the research program is development of
numerical techniques (incorperating both refracticon and diffraction eftects
near the structure) for computing wave-induced velocities, tidal currents, and
wave heights in the vicinity of structures, and applying these results to de-
termine sediment transport of the bottom material at the particular site. BN

The present state ot nearshore current and wave theories has reached the
point where detailed experimental investigations are required for the verifi- . 1
: cation ot analytical developments and numerical models. To provide a founda- ® ﬁ
tion for further advancements, a simple beach profile consisting of straight,

unitorm contours parallel with the shoreline was experimentally studied by

Hales (1980). A shore-connected, vertical, thin, impermeable barrier (break-
water) was installed perpendicular to the shoreline to simulate prototype
jetties and breskwaters commonly occurring along many coasts. The purpose of
the present study is to extend the previous work of Hales (1980) by installing . _j_J
a shore-connected, vertical, thin, impermeable breakwater at a 60-deg angle to o
the shoreline to simulate a larger range of protctype jetties and breakwaters f - 1
in existence at the present time. Experimental measurements of refraction and )
diffraction downcoast ot this ohlique structure were made to obtain quantita-
tive knowledge of this phenomenon in the lee of the jetty or shore-connected ) )
breakwater. These data were then compared with the utiformly valid asymptotic .
theory of Liu, lLozano, and Pantazaras (1979) for the same arrangement. IR

|

The numerical model for Jdetermining wave heights downcoast of a straight
breakwater at an angle to the shoreline under combined refraction and diffrac- - L
tion, based on the uniformlv valid asymptotic theory. was obtained by contract e
with Dr. Phiitp Liu, Cornell lniversity. Because the uniformly valid asymp- -f::
totic theory is developed from the small amplitude wave assumptions, the ef- _
fect of varying the incident wave height on the wave-height amplification fac-
tor, H/H , was investigated. The theory and experimental data were found to ®
compare fgvorahly tor 41l wave heights tested 1n the shadow zone, but diverged .
with increase in incident wave height tarther downcoast out of the shadow . S
zone. While the unitermly valid asymptotic theory is far superior to diffrac- : )

]
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tion theory aloue under these cenditions, additional numerical work should
incorporate nonlinear wave theories for completeness.
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PREFACE

The study reported herein was authorized as 4 part

Research and Development Program by the Oftioe, Chaiet ot b o
US Army. This particular work unit, Frosion tonty o 1 0 R
tion, is part of the Improvement of Uperations arod Maintenanoe oo
(IOMT) Program. Mr. James L. Gottesman was the OCE Techno oo Mot ot
IOMT Program during preparation and publication of th.,s repc:t

This study was conducted during the period 1 Mav 19F0 th: oyl ney
tember 19851 by personnel of the Hvdraulies Laboratory of the ©5 S boge, o
Waterways Experiment Station (WES) uander the general supcervicion o
Messes. Ho B. Simmons, Chiet of the Yydraulics Laboratory; F. A Heormoaun,
Assistant Chief of the Hydraulics Laboratory; R. A. Sager, Chiet ot tf botu-

iries Division and [OMT Program Manager; Dr. R. W. Whalin, tormer Chiet .t 'he

Wave Dynamics Division; Mr. D. D. Davidson, Chief of the Wave Research Branohg

and Dr. J. R. Houston, Research Engineer and Principal lnvestigator tor the

Erosion Control of Scour During Construction work unit. The Wave Dvnamics Di-

vision was transterred to the Coastal Engineering Research Center (CERC) ot

WES on 1 July 1983 under the direction of Dr. R. W. Whalin, Chief, and

Dr. L. E. Link, Jr., Assistant Chief. Dr. L. Z. Hales, Research Hydraulic En-

gineer, Mr. K. A. Turner, Computer Specialist, Ms. M. L. Hampton, Computer

Technician, Mr. R. E. Ankeny, Computer {echnician, and Mr. K. M. Strausbaugh,

Civil Engineering Technician, pertormed the experimental portion of the study

described herein. The numerical model for determining wave heights downcoast

of a straight breskwater at an angle tuo the shoreline under combined refrac-

tion and diffraction, based on the unitormly valid asymptotic theory, was ob-

tained by contract with Dr. Philip Liu, Cornell University. Dr. Hales pre-

pared this report.

Commanders and Directors of WES during the conduct of this investigation

and the preparation and publication of this report were COL Nelson P.

Conover,
CE, and COL Tilford U. Creei, CE.

Technical Director was Mr. F. R. Brown.
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CONVERSION FACTORS, US CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

US customary units of measurement used in this report can be converted to

metric (SI) units as follows:
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feet per second 0.3048 metres per second
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EROSION CONTROL OF SCOUR DURING CONSTRUCTION

EXPERIMENTAL MEASUREMENTS OF REFRACTION AND DIFFRACTION R
DOWNCOAST OF AN OBLIQUE BREAKWATER )

sa

E PART 1: INTRODUCTION

. Statement of the Problem . j

1. When major structures are erected in the coastal zone, they alter

F—

currents that are in dynamic equilibrium with the existing bathymetry. These

altered currents may change the existing bathymetry. In addition, waves break-

Py

ing on the new structure will cause bottom material to be suspended and trans- 5

ported from the region by longshore or other currents. This removal of mate-
rial from around structures is often not compensated by an influx of additional .
material; the result is scour, or erosion, that usually develops along the toe 1
of the structure. In order to ensure structural stability, the scour area must _ 1
be filled with nonerodible material (sufficiently stable to withstand the en- 1
vironmental forces to which it will be subjected). This may result in addi-
tional quantities of material being required during construction that can po-
tentially be very costly. To minimize potential cost increase due to scour L;~n
during construction, it is necessary to quantify the probability and ultimate

extent of potential scour during the scheduled construction period.

2. Effective, comprehensive, and low cost procedures do not exist for ~.
eliminating scour during construction in the nearshore environment. Determina-
tion of potential alternative procedures is seriously hampered by the inability

to predict the extent of potential scour. Objectives of the Erosion Control

of Scour During Construction research program are to develop techniques to
minimize and control scour during nearshore construction, and to predict the

probable magnitude of scour that may result as a function of currents and wave

climate. One phase of the research program is development of numerical tech-

niques (incorporating both refraction and diffraction effects) for computing
the wave field in the vicinity of structures.

3. The present state of nearshore current and wave theories has reached
the point where detailed experimental investigations are required for the o J

verification of analytical developments and numerical models. To provide a - T
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firm foundation for further advancements, a simple beach profile consisting of
straight, uniform contours parallel to the shoreline was experimentally
studied by Hales (1980). A shore-connected, vertical, thin, impermeable bar-
rier (breakwater) was installed perpendicular to the shoreline to simulate
prototype jetties and breakwaters commonly occurring along many coasts. This
single jetty (shore-connected breakwater) simplified the experiment, facili-
tated direct comparisons with numerical model results, and provided greater
understanding and insight into the phenomenon of wave-height variations down-
wave of a breakwater than would a more complex geometry.

4. Analytical models of wave fields surrounding shore-normal break-
waters have been developed based on asymptotic theory and the parabolic ap-
proximation (for example, Liu and Mei 1975, 1976; Liu, Lozano, and Pantazaras
1979; and Lozano and Liu 1980). These analytical models have been compared
with the experimental data of Hales (1980) by Liu (1982) and Tsay and Liu
(1982), and the overall agreement between theory and experiment was considered
to be good. Knowledge of these important phenomena can be used as the basis
for advanced studies of sediment movement around major structures under com-
bined effects of refraction and diffraction, when the structure is oriented

perpendicular to the shoreline.

Objective and Scope of the Study

5. The objective of the present study was to extend the previous cxperi-
mental work of Hales (1980) by installing a shore-connected, vertical, thin,
impermeable barrier (breakwater) at a 60-deg angle to the shoreline to simu-
late a larger range of prototype jetties and breakwaters in existence and to
test a new theory of waves in the lee of a structure. The experimental mea-
surements were made to obtain quantitative knowledge of combined refraction
and diffraction in the lee of a jetty or shore-connected breakwater. These
data were then compared with the uniformly valid asymptotic theory of Liu,
Lozano, and Pantazaras (1979) for the same arrangement, thus providing verifi-
cation data for this numerical approximation which has not been previously
available. This report presents details of the experimental investigation to
measure combined refraction and diffraction in the lee of a jetty or break-

water. A literature review of the theory of refraction and diffraction 1is

presented. I[n addition, a new uniformly valid asymptotic theory of combined
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PART 1I: EXPERIMENTAL INVESTIGATION

Experimental Layout

6. This study to investigate wave heights downcoast of an obliquely
oriented shore-connected breakwater or jetty under the combined effects of
refraction and diffraction was conducted in the experimental facilities of
the US Army Engineer Waterways Experiment Station (WES). The experimental
arrangement, which was molded in cement mortar, consisted of a 50- by 60-ft*

area, with a water depth of 1 ft in the open-ocean region (Figure 1). The

_EXPERIMENTAL FACILITY LIMITS
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Figure 1. Experimental layout

g
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A table of factors for converting US customary units of measurements to
metric (SI) units is presented on page 3.
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9. The ADACS are capable of automatically calibrating the wave sensors,
controlling wave generators, acquiring data from the sensors at a high sampling
rate, and analyzing test data. Data are taken and recorded on disc or magnetic
tape for direct analyses by the minicomputer system or on magnetic tape in a
format compatible with a Honeywell DPSI for backup analyses. Automatic cali-
bration of wave sensors has reduced the time required to calibrate the sensors
by a factor of four. In addition, several times the number of tests can be
run during a day with test results analyzed at completion of model tests by
minicomputer. The system configuration (Figure 2) of ADACS consists of the
following subsystems: (a) digital data recording and controls; (b) analog re-
corders and channel selection circuits; (c) wave sensors and interfacing equip-
ment; and (d) wave generators and control equipment.

Wave sensors

10. The data acquired from wave experiments are the water-surface

DIGITAL EQUIPMENT

Iy

MULTIPLEXER

, AND - CENTRAL | MAGNETIC ISk
i | anaLoc To PROCESSING TAPE
; DIGITAL PACKS uNIT HANDLERs | CONTROLLER
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FOR DISPLAY AND
DIGITAL
RECORDING {
- OUTPUT

- » STRIP CHART
= CHANNEL > E?N"Emo'-
™1 SELECTION | ﬂ H s
| | CIRCUITRY | |
| »| RECORDERS
cHanneL | ¥ TELETYPEWRITER
SELECTION
CIRCUITRY WAVE STAND
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EACH WAVE STAND -
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Figure 2. Schemiatic ot components of ADACS
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variations about a reference ':_;f
water level. This informa- '"‘-G
tion is collected at selected ' ° k
geographic locations within R
the experimental facility for : '7 J
specified wave conditions at  } A
the generator. Wave sensors ;"';rl

are used to obtain this in-

formation at selected loca-

tions in the facility. Each
of the water-surface-piercing,
parallel rod wave sensors is
connected to a Wheatstone
bridge, and a transducer mea-
sures the conductance of the - -
water between the two paral- ]
lel rods that are mounted .. .
vertically (Figure 3). The A
conductance is directly pro- .
portional to the depth of : -
submergence of the two rods ﬁf,;
in the water. The output of : .-:;
each wave sensor is routed -

through shielded cables to DY

its signal conditioning
Cp equipment where it is pro- R

cessed for recording. The T

AL ‘ = .t ooevataons to an accuracy of 0.001 ft.

o

]
R

o i.pplies and good signal-to-noise -

the wave sensor bridge maintains o

. . 1 .
' i ¢ elevation data in millivolts R
ST
sensor must be calibrated. The ]
o sensors (maximum of 25 rods ]
. o . . |
- vided by ADAUCS. To calibrate - 1
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each set of paralle! rods, the voltage from the signal conditioning equipment
is monitored and recorded as the parallel rods are moved vertically a known
distance into or out of the water. A precision, linear-position potentiometer
is located on the wave sensor stand and is coupled directly to the parallel
rods by a gear train driven by an electric motor. By moving vertically the
coupled wave sensor and potentiometer with the electric motor and by monitor-
ing the output voltage from the potentiometer, the wave sensor can be moved
vertically a precise distance. The electric motor for each wave sensor is con-
trolled by a control/sense line and a relay contact. The minicomputer controls
the vertical movement of ecach wave sensor by actuating the control/sense line.
The central processing unit acts as a voltage comparator by monitoring the po-
tentiometer voltage and comparing it with a reference voltage which is deter-
mined from desired displacement and potentiometer calibration. When the
voltage comparison is satisfied, the control/sense line is reactivated, the
electric motor stops, and voltage samples from the rods and potentiometers are
acquired. By systematically moving each wave sensor through 11 quasi-equally
spaced locations over the range of rod length used, voltage versus known dis-
placements are obtained from which a calibration curve for each sensor can be
calculated and recorded on magnetic tape or disc. After collecting the cali-
bration data, the minicomputer analyzes these data by least-squares fitting a
set of curves (linear, quadratic, or spline) to the data, determining the best
order of fit, and comparing the maximum deviation of the best fit with a pre-
viouslyv acceptable value for this maximum deviation.
Data acquisition and analysis

12. During the acquisition mode, wave data for a specified wave condi-

tion at the wave generator are collected from a maximum of 50 wave sensors,
recorded on analog strip charts, digitized, and recorded on magnetic tape or
disc for further analyses. The sampling scheme is flexible and can be tailored
for different applications with maximum throughput rates theoretically limited
by the multiplexer rate and allocatable buffer size. The sampling scheme used
in this investigation was 60 discrete voltage samples equally spaced over each
wave period for a predetermined number of 90 wave periods for each of the sen-
sor locations. The minicomputer calculated from input parameters the lag at
the beginning of data acquisition by 10 wave periods after starting the gen-
erator, provided timing pulses tor syuchronizing and controlling the recorders,

and determined completion of the test. The determination of the height of
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each wave of the monochromatic wave train was performed (at each sensor loca- "3
tion), the average of these 90 individual heights was calculated, and the .
.
standard deviation of these individual observations about the mean was com- -

puted. The value ultimately determined as the wave height at each sensor lo-

cation was this mean value plus or minus one standard deviation

Wave Gage Locations

13. The wave-height data downcoast of the experimental breakwater that
was positioned at a 6C-deg angle with the shoreline were obluraed by aperating
36 wave-height sensors simultaneously ftor each test condition. Two of these
wave-height sensors were located in the deeper water (1 tt deep) near the wave
generator to ascertain the 1nitial generated wave height. The remaining 34
sensors were positioned along four lines parallel with the shoreline at dis-
tances of 6, 8, 10, and 12 ft from the shoreline (Figure 4); the still-water
depths at these four sections were 0.3, 0.4, 0.5, and 0.6 ft, respectively.
The wave gages were placed on a4 supporting plittorm such that only the wave
sensor probe penetrated the water surface, thereby eliminating any local dis-
turbance caused by instrument stands touching the water surface. A dry bed
photograph of the experimental tacility with the experimental breakwater in
place is shown in Figure 5.

14.  In order to compare cxperimental results with numerical or analyti-
cal investigations, it 15 necessary to have good detrnition of the experimental
data. The 34 wave-height sensors were tnitially placed at 2-it intervals along
the four sections paralle]l with the shoreline, and the complete set of experi-
mental data was obtained (gage arrvangement No. 1, Figure 6). To provide a
more dense data display, the entire physical arrangement ot the wave sensors
was displaced Jaterally along the tour section lines tor a distance of 1 ft,
and the same set of wave data (period and height) was repeated.  This second
testing arrangement is shown as gage arrangement No. 2, Figure 7. All dJdata
from these two gage arrangements resulted 1n a data set that presented the
wave heights at 1-ft increments along the four sections which run parallel
with the shoreline, with the data extending trom very near the breakwater deep
in the shadow zone and extending across the region where the waves experience
both refraction and ditfraction. These precise experiments provide data that

detine the wave height downcoast of the structure and can bhe used tor compari-

son with numerical or anaslvtical studies of the same concept.
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- PAKT IT11: LITERATURE REVIEW OF COMBINED L
= REFRACTION AND DIFFRACTION 1

15. The approximate solution of waler wave refraction caused by a vari-
able bathymetry is well kno.n and can be derived by assuming that bottom re-
flections are negligible or by the more rigorous Wentzel-Kramers-Brillouin
(WKB) approximation. The evact solution for the diffraction of surface waves
by vertical barriers of simple cross section in water of constant depth also
is well known (being analogous to classical problems of physics). However, an
analytical theory for the practical case of combined refraction and diffrac-

tion has not been completely developed. Th. present engineering practice for

determining wave heights under this condition is a stepwise procedure {(Dunham
1951, Liu and Mei 1976, US Army Coastal Engineering Research Center 1977).
The procedure involves the following steps: (a) calculate refraction effects

up to the barrier (jetty or shore-connected breakwater); (b) calculate for a

e B el aensien o
-

"few" wavelengths the effects of diffraction, assuming a constant water depth;

v

L and (c) beyond this region calculate the refraction effects only. This pro-

cedure is obviously imprecise, and Mobarek (1962) indicates that the method is

3‘ suitable only for intermediate water depths. In addition, Whalin (1972)

states that this procedure is only valid for small refraction effects.

g
.
.

Water Wave Refraction
..
) 16. In intermediate and shallow water, the phase speed of a surface o
b gravity wave depends on water depth. Since wave celerity decreases as depth

decreases, phase velocity varies along the crest of a wave propagating at an

al

i

]
A
angle to underwater contours because that part of the wave in deeper water o
1
moves faster than that part in shallower water. This variation causes the 1
wave crest to bend toward alignment with the contours. This bending effect
due to changes in bottom topography, called refraction, depends on the rela-
tion of water depth to wavelength, d/L , and is analogous to refraction of )

other types of waves such as light. A basic assumption in wave refraction

[ A

theory is the conservation of energy between wave orthogonals (i.e., no dif-

fraction of energyv along wave crests). The change in wave direction of dif-

M. A e e g an n am

ferent parts of the wave results in convergence or divergence of wave energy

and materially affects the torces exerted by waves on structures and of the
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with the method of conservation of energy tlux. 1t is assumed that the wave
is simply harmonic in time. The tirst, third, and fitth orders of approxima-
tion were compared with each other and with experiments. The differences be-
tween the predictions ot wave-height changes based on the three orders of ap-
proximation were tound to be small, on the order of 5 percent. For practical
purposes, the third-order theory was found to give reliable results. The
third and fifth order Stokes' theories are based on a series expansion in
terms of H/L. where terms of the order of (H/L)3 and (H/L)5 , respectively,
are retained and higher order terms are neglected. It should be noted that
this theory 1s based on an expansion in term of the wave steepness, H/L , and
consequently can be expected to better approximate limit..y steepness waves in
deep water. However, it cannot be expected to adequately predict wave cuarac-
teristics in shallow water, since water depth is not a parameter in the series
expansion. Thus the theory is a finite amplitude deepwater wave theory.

20, In cases ot limiting shallow water, the wave conditions are nearlv
independent ot wavelength, and the important parameters are water depth and
the ratio of wave height to water depth. Keulegan (1950) showed that Stokes
waves dare most nearly valid in water deeper than about d/L > 1/8 to 1/10
In shallower water, cnoidal wave theory appears to be more satisfactory, and
Masch (1964) investigated the problem of wave shoaling using cnoidal wave
theorv with the formulas developed by Keulegan and Patterson (1940). Masch
{1964} assumed hydrostatic pressure distribution and neglected the convective
inertia term in his expression for the energy flux. The third and tfifth order
cnordal theories are based on a series expansion in terms of H/d , where
terms ot the order ot (H/d)3 and (H/d)5 , respectively, are retained and
higher order terms neglected. It should be noted that this theory is based on
an expansion of the relative wave height (H/d) and can be expected to better
approximate the wave form in shallow water. However, it cannot he expected
to do a very good job ot approximating the wave form for limiting steepness
waves in deep water. In that case, water depth is unimportant and wavelength
is crucial. This theory could be considered a finite amplitude intermediate
and shallow-water theo.y.

21. A technique of "asymptotic expansion' was applied by Mei, Tlapa,
and Eagleson (1968) to water wave propagation over an uneven bottom that has
straight and parallel conteurs.  Attention was focused on the estabiishment ot

a rigorous scheme of successive approximation tor higher order corrections.
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a or a . The rate of power transmission P , or energy flux, was deter- 3
XX vy °
mined to be: 1
1 2w 4% v Ve j
PAb:(—pgan—Ab>1+—l—ﬂ (2) -
2 k 2 }
k a g
o
where
Ab = wave ray spacing, ft
. . 4
p = fluid density, lb-secz/ft
n = ratio of group velocity Cg , to phase ‘elocity ¢ , dimensionless 3
®
w = angular frequency, 2n/T , 1/sec 1
Define: )
aXx + a
6 = 5——XX (3) .
k a L }
y
The commonly used existing procedures (Dunham 1951, Liu and Mei 1976, CERC
1977) for construction or computation of refraction diagrams utilize phase 1
speeds that are obtained by neglecting &
. . L
23. Battjes (1968) examined the omission of & from a qualitative h
standpoint. In an area of strong local convergence, omission of & from Equa- 1
tion 1 results in underestimating the local phase speed. The result is that in
Equation 2 the ray separation Ab will be underestimated. Thus there are gen- ) j
. [ ]
erally two contributions to the error that results in the computed wave ampli- Y
f tude a . However, these two contributions are of a different nature because :
- the effect on the wave pattern of using an incorrect value for the phase speed i
1 is cumulative, whereas the etfect on energy flux is local. In any case, the d
o omission of & will generate wave heights at variance with the height inferred _.-4
g g ]
g from refraction diagrams based on linear small amplitude wave theory which ne- |
) glects the effects of wave-height gradients along the wave crest, so that 1t A
. would appear that energy had been transferred across orthogonals. An estimate
: . ®
K. of the magnitude of & has been approximated by Battjes (1968) for four i
Itk-'Z 21 ‘
3 |
}® *
i . )
- o
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~here
g = gravitational constant, 32.174 ft/sec2
= wave number, 2n/L | 1/ft
d = local water depth, ft
a = local wave amplitude, ft

The second derivative of the wave amplitude in the horizontal plane is given by

U OraT Jrame
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distinctly difterent cases. Ltor simple shoaling, the amplitude varies only In
the direction ot wave propagation, and for shallow water the variation wds:
>

8§ =8 x 10-3((1_0 s? (4)

where

1

L local wavelengths

s = bottom slope
For short-crested waves where the distance along the wave crest is two or three
times the wavelength, & = -20 percent or -10 percent, respectively. For the
case of diffraction arcund a semi-infinite breakwater, & was found to reach
values between +10 percent and -10 percent at points a distance of one wave-
length from the breakwater tip, decreasing inversely proportional to the dis-
tance from the tip. For the case of diffraction through a gap of width two
times the wavelength, & was evaluated in a few points on the center line of

the gap where it was found to reach values of 25, 7, and 3 percent at distances

of 1, 2, and 4 wavelengths, respectively, from the gap.

Water Wave Diffraction

24. Ditfraction of water waves is the phenomenon by which wave energy
propagates into the sheltered lee of structures even in the absence of bathy-
metric refraction. In these situations, wave crests bend (even in constant
depth water) and gradients of wave height exist along the wave crest. This
phenomenon is most visible when a train of regular waves 1is interrupted by an
obstruction such as a jetty or shore-connected breakwater. The theory of water
wave diffraction can be explained by Huygens' principle. Each point of an ad-
vancing wave front (wave crest) may be considered as the center of a secondary
circular wave which advances in all directions. The resultant shape of the
crest is the enveliope of all these secondary waves. In a straight-crested wave
train, the envelope of the secondary waves is a straight line also. When the
wave passes an obstruction, the energy intensity at a certain point is a vector
combination of all the circilar waves emitted by every point of the passing
wave train.

25. Sommerfeld (1896) presented a solution for the diffraction of light
waves past the edge of a semi-infinite screen. Penny and Price (1944) showed

that this is also the solution of the water wave diftraction problem al the
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waves

Figure 8. Definitive sketch, wave diffraction
around a breakwater

end of a semi-infinite obstacle such as a jetty or shore-connected breakwater.
This exact solution of the surface elevations behind the breakwater is applica-
ble only to water of constant depth and waves of small amplitude. Putnam and
Arthur (1948) summarized the solution of Penny and Price (1944) for the de-

finitive sketch of Figure 8. In cylindrical coordinates, the water~surface

elevation is:

n = (9—;1‘5)8“‘ cosh kd F(r,8) (5)
where
n = water-surface elevation, ft

i square root of -1

and the other symbols have been previously defined. F(r,0) 1is a function
which satisfies the wave equation in cylindrical coordinates:

2 2

3 ‘ 1
Ar rz

]
Q

9F L kF =0 (6)

962

+
R
Q)IQJ
~ 1=

N

In the presence ot a jetty or breakwater, the boundary condition is imposed
so that the normal component of the fluid velocity is zero along the

breakwater, leading to the solution:
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l'.. . . ]
o T
:T. ul _
i{(n/4)-kr cos (6 -8)] 2, o
r F(r,0) = 1j . o ./[ e-(xnu /2) du S
(4 v % .o
{ 5
| - ) |
l i[(n/4)-kr cos (8 -0)] i 2 :
X + lh_ e ° / e (inu~/2) du (7) . i
. ‘/2 2 P
fe "
- .
¢,' up = 4 % sin [% (eO - e)] (8) .

3
r€ u, = 4 ,/? sin B (6, + 6)] (8)

Bretschneider (1966) has presented computational procedures for evaluating the

diffraction coefficients at arbitrary points behind jetties or breakwaters.

26. Wiegel (19¢2) developed a graphical procedure for determining dif-

fraction coefficients of waves passing the tip of single breakwaters. The
family of diagrams shows, for uniform water depth, lines of equal wave-height
reduction displayed in terms of the diffraction coefficients. The diffraction
diagrams (typical example, Figure 9) are constructed in polar coordinate form
centered at the structure tip. The arcs behind the breakwater are spaced
one radius-wavelength unit apart so in application, a specific diagram must be
scaled up or down so that the particular wavelength corresponds to the scale %
of the hydrographic area under investigation. The set of diffraction diagrams 1
of waves passing the tip of a single breakwater was presented by CERC (1977).
Figure 9 is tue configuration of the wave approach direction analogous to the 1
physical hydraulic model layout used in this experimental investigation.
27. Laboratory tests were performed by Harms (1979} to investigate the .—1
distribution of wave heights in the lee of a breakwater (shore-connected) for o
waves normally incident upon the structure and with a horizontal bottom both
in front of and in the lee of the structure. In general, satisfactory agree- ]
ment was obtained between measurement and theory, but diffraction theory was -
not found to be conservative. At large distances in the shadow zone, measured «4?'

wave heights consistently exceeded theoretical values. Close to the break-

PP A S

water outside the shadow zone, the measured maximum wave height was also found .

to be larger than that predicted by theory. The diffraction behavior appeared

ok
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to be insensitive to the intensity of wave reflections from the seaward side

of the breakwater.

Combined Water Wave Refraction and Diffraction -

28. The bathymetry shoreward of a jetty or breakwater usually is not
flat or even uniform; hence, refraction generally occurs in addition to the
diffraction effects. While a general unified analytical approach to the
simultaneous solution of these two distinctly different phenomena has not been
entirely developed, considerable insight has been gained through the theo-
retical work of Liu and Mei (1975, 1976), Lick (1978), Liu and Lozano (1979),
and through the earlier experimental work of Mobarek (1962). The procedure
usually followed by coastal engineers concerned with wave-height variation be-

hind jetties or breakwaters is to construct refraction diagrams shoreward to

hm o amm s

the structure, then construct diffraction diagrams for three or four wave-

lengths shoreward of the jetty, and finally refract the last wave crest on

toward the shoreline. This procedure i1s schematized in Figure 10 where the
overall refraction-diffraction coefficient, Kr-d , in the region behind the
structure 1is:

Ko_g = KKq ¥byb s

where

K = refraction coefficient at the structure, dimensionless

N
- ]
L . .
s .
» .
) R
P A (O (7 N 10 VAU P Py

= diffraction coefficient on last wave crest behind the structure -

d from which additional refraction computations are performed,
dimensionless
b1 = orthogonal spacing at the last diffracted wave crest, ft
b2 = orthogonal spacing near the shore, ft

29. Mobarek (1962) experimentally investigated the effect of bottom
slope on wave diffraction through a gap in a breakwater normal to the incident

wave direction. Also investigated was the effect of an abrupt increase or de-

crease in the water depth behind the breakwater. The theoretical analysis for
the comparison of experimental results followed the treatment of Penny and
Price (1944) restricted to the case of normal incidence for which the Sommer-
feld (1896) solution is simplified and in the presence of a horizontal bottom.

Two fundamentally different basin configurations were used in the study. The o

26
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Figure 10. Graphical procedure for determining overall refraction and ‘f~;j
ditfraction effects past a breakwater (after CERC 1977)
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PP

first consisted ot a longitudinally sloping bottom with the slope commencing

at the breakwater and extending to the shoreline. The second was constructed ..

PR

with a tlat bottom extending beyond the breakwater gap but sloping laterally

to the shoreline. Taking into consideration the serious limitations of the

experimental equipment (very small model, 72 sq ft), the investigation led to ]
the conclusion that the procedure usually followed for estimating wave heights ._,

behind jetties or shore-connected breakwaters (Figure 10) was sufficiently

good for medium period waves; but in the case of long waves, the effect of the
, shoaling bottom on waves should be taken into consideration. Experiments on a :"H
larger scale were highly recommended. . ’
» 30. For a long shore-connected breakwater on a slowly varying bottom,
} an asymptotic theory has been developed by Liu and Mei (1976) that accounts : '7
| for the combined etfects of refraction and Fresnel diffraction of water waves.

However, for short jetties or groins, the reflection and diffraction effects o
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Equation 11 reduces to the dattractron Helmbolty equation an decp or connt

depth water. I shallow water, the cquation reduces to the Lincatr oy -w i

equation.

33. Houston (1980} soived Eguation 11 by the use of a hvbrid finite

ment numerical model origrually developed by Chen and Mei (1974) to solve
diffraction Helmholtz equation in o constant-depth region. The appropriat
modifications, including variable depth and frequency Jdispersion, were in-
corporated by Houston (1980) and the solution of Equation 11 was applied t
the geometry of the experimental study of Hales (1980) (i.e., 4 unitorm =)
with a shore-connected breakwater perpendicular to the shoreline). &  rob
in simulating those experimental hvdraulic tests mmevically was that the

waves broke in the experimental tacility pnear the shoreline and thus dr.s)

their energy. No mechanism existed to dissipate energy in the numeric.s)

However, dissipation was simulated by allowing waves to continue to propog
out of the problem area.  The breakwater and unitorm slope were simnlated

to the point where breaking occurred.  The depth was then increased o the
depth of a semi-intinite cean region surrounding the region ol computat i,

and the waves were allowed to radiate away trom the area of interest.

34. Figure 11 shows a typical comparison bhetween the experiment.al
2.00F LEGEND
— UNIFORMLY VALID ASYMPTOTIC
1 50k SOLUTION (LIU ET AL. 1979)
' O EXPERIMENTAL MEASUREMENTS
S FINITE ELEMENT MODEL
° 1.25( o
I
I
1.00
0.75
1 i 1 1 1 1 L J
0500 2 4 6 8 10 12 14 16
DISTANCE NORMAL TO BREAKWATER, FT
Frgure 1. Comparison ot gsvmptotic and tainate

clement solntions with experimental measurements
(breakwater normal to shorelinedl (atter Houston
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35, I recent vears, the parabolic approximation has been developed ex-
tensively tor studving wave scattering problems in different branches of the
physical sciences. Ridde, :1979) and Lozano and Liu (1980) derived indepen-

dently the parabolic approximation for water-wave problems. Analytical solu-

tious were obtained tor the combined retraction and diffraction wave field L

near o thin breakwater perpendiculas to the shoreline on a plane beach. The
background wave treld was assumed to have straight-line wave rays.

6. Also based on the parabolic approximation, a numerical study of
waler-wave retraction and Jdittraction problems has been conducted by Tsay and
Liu (1982), where the refraction index is not constant. Two problems werr
considered: (o) the wave tield near a submerged shoal on a sloping bottom and
(b) the wave ficld in the neighborhood of a breakwater on a sloping beach. Iu
the latter problem, the orientation of the breakwater is no longer limited to
be perpendicular to the shoreline. For the perpendicular case, the accuracy
of the parabolic approximation numerical results was verified by comparing
with the precise experimental data of Pantazaras (1979) and Hales (1980) (both
sets of data having been obtained at WES). For this case, the uniformly valid
asymptotic theory of Liu, Lozano, and Pantazaras (1979) was also used to verify

the parabolic approximation.

Development of Asymptotic Theory

37. For the case of a shore-connected breakwater on a linear plane
beach, Liu and Mei (1976) and Lozano and Liu (1980) have previously shown that
an approximate closed form solution can be obtained by the parabolic approxi-
mation. However, Liu (1982) showed that this solution becomes invalid near
the tip ot the breakwater because of the inherent nature of the parabolic ap-
proximation. To remove this wea“ness, Liu, Lozano, and Pantazaras (1979) and
Liu (1982) developed a a uniformly valid asymptotic solution for the same
problem. This theory is verified by the experimental data of the present
study. The heach topography, which is required to be uniform in the along-

shore direction, can be arbitrary 1n the onshore-otfshore direction.
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38, Following the development of Liu, Lozano, and Pantascgras 19700, aned
N «
in the notation ot Liu (1982), the geometry of the breshwater i peneral s :
«
to be one of radiated wave rays emitted from the tip of the bookeater (Fog- 1
ure 120 The relation between the incident wave angie and the retle ot wave - @
angle slong the breakwater 1s shown in Figure 13. Smal Poomp !t taede e dent
Srorenne
PSRN P,
- e,
" .
i Breanwaotes ‘. X .1
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T Figure 13. Detinitive vketoho wns : 1
formly valid asvmptotic theaw, -]

Frgure 10,
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relation between iucident

angle and the roflocton wave

- theory (din, Lozano, and along the bregkwater (i Lo,
N Pantazaras 1979 Pantazaras 1@ ]
wives with the inesdent wave amplitude, a , and radiaa tooguens v e ot @ ® 1
O
tesumwed in the beeeiopment . The angle ot incidence s defined s o . T, j
o
<
Lozan., and Pantszaras (1979) have shown that the Treading ordor osvmpltole
solutton for the tree sartace displacement, 1o, 1=, |
L
- - S .- LN ot -
w o, v, L) o= )A(X) G(Q)e T (@) |t . .
Lo ' | i
Lo
L ‘ ‘ .
' pnel Lt ve oo it pntvnl‘1i Can be expressed as: h
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. , _ °
. ign(x, y, t) conh ki + A - |
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v w cosh kh =
:
wheve . j
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and
p
1 '02
G(pl) = el do (15)
-0
A(x) represents the combined refraction and shoaling factor:
) 1/2
cos B 2k h + sinh 2k H
A(X) = 3 — o e ,,,-,_0_2 COS_}»‘I_}»(‘hi (16)
of\cos 0O 2kh ¢ sinh 2kh cosh koh0

The subscript o in Equation 16 denotes the quantities associated with inci-
dent waves in the far tield. The tunction G(pl) defined in Equation 15 can

be given in terms of the Fresnel integrals, whence:

1/2 1/2 .
. ot . n- 2 . 2 5
o(pl) = (1 + 1) + 172 {?2(91) + 182<p1)] (17)
g 2
where
2
21
- (4} = L cos 1
L2<pl) = ZHJ/ 11/2 dt (18)
(o)
and
2
Py
. 2y 1 sin T
Sz("l) - er/ [1/2 dr (19)
(0]

are the Fresnel cosine and sine inteyrals, respectively. The arguments of the

function G(pl) in Equation 15 were detined by Liu (1982) as:
PR VR (20)
and

w© Tk -8 (21)
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S, and R can be evrlusted v oine

v .
: - - i -9
! f/ Ko (22) ]
4 " _1
- -
where Kk 1% the wate number voctopr represcoalion cavh wsve tield, respectively. T
) o ‘ - z " . G ®
390 fthe vere phiayse tnes tor S 0008, and  F antercept at the tip ot
the breakwiter (x - O 0 v = 0).  from Kguation 22, the value ot the phase
function (S S, o KU gt oanv o arbaitecary pornt can be considered as the sum
ot the wave number componnt in the radial drrection betwsen the arbitrary
¥
point and the tip of the breskwater.  The valoe ot the phase tunctien for radi- o y

ated waves at any arbtrary pornt s alwavs greater than or equar to S and

S . The branches of the maltivalue:
{(1982) as follows: [he valae of ¢

fined according to the geometrical o

W 15 posttive 1o the reflectson regron nd 1w negatice cisewheres o the
case where the breakwaler han g curved Shape and cotncides wit!h one of the

radiated wave raye trom the tip, the

wheoere

K= ke w (240
v v :

K
N <
k and M Febre ot Che st ambher a0 e e st e e by the ]
v ( .
breagbkwater, resoect pue gy, :
: ]
40 The ana iyt gl clenetopent o Ui e v b pacrment down- ° 3
Ccoast ot g shoye=conperc tedd Broaks U Bogredd v the ot vy vl nd svmptot g "]

theory (Fguatcon 123, soas based on

waler geometry o plantorm b towed
of the breakaater . Plee et Ted e
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9 where .

"t

. S = phase tunctien or the nordent wave, deg :

S = phase tunction of the reflected wave from the breakwater, deg 1‘

R = phase tunction of the radiated waves generated by an oscillatory : -

4 point sourcve at the tip oot the breskwater, deyp ) !

These phase tunctions can be cabculated accordsng to the ray theorv, 1.e., 5

I tunctions @ aid @ ace detined by Liu
1 negative snsode toe shadow region de-

plres theory and as positive elsewhere.

PP A I

piirrse tnoe tien for the reficocted wave 1s:
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required 1n the development are preseated 1n Liu, Lozano, and Pantazaras (19793
However, in actuality, tb - plantform layout ot most shore-connected breakwaters
at an angle to the shoreline is that of a straight line. Hence, while the
assumption ot a plantorm lavout following 4 wave rayv radiated from the tip ot the
structure expedited the analvtical development, the numerical model bused on
this development does not precisely contorm with most prototype conditions. It
was therefore desirable to z2dapt the numerical scheme to fit the case of a
straight breakwater at an angle to the shoreline. For the case of a straight
breakwater, the phase function Sg tor the incident wave, the phase function

S tor the reflected waves from the hreaskwater, and the phase function Rs

tor the radiated waves generated by the oscillatory point source at the tip of

the breakwater can be expressed respectavely as:

X
S = —[ k cos 8 dx + K v ('5)
s O
[
- X -
S = —/ k cos 8 dx - K v (26)
s o
()
X -
R = -/ k cos 8 dx + Ky (27,
()
where
K = k sin 8 = k_sin 0 (28)
©r O 3]
o - . - . )
= Kk s - . 29
Kt k sin 0O kt sin GL (29

kt and ()t represent the wave number and the initial angle of incidence of a
radrated wave ray, respectively. The numerical model developed under contract
by Lio based on the umitormly valid asvmptot ic theory of Liu, Lozano, and
Pantazaras (i97%) was moditied to contorm teoa straight' breakwater at an angle
to the shoreline, and 1s presented o Appendix B along with a sample output
trom the program. This numerical model served as the basis for comparison

with the experimentsl results of the present study,
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1sted that the generated wanve heruhts should be
changes 1o the herghts condd be detectable, and

should be small encuxh so that compirinons with

tormed.  Preliminary Goso o, and e

cated Lhat tor the area of o major inter

considered pertinent, the o0 fic experimental

thental o results ot Hales (1°
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Large cnough so thut —anall
at the same time the herght s

linear theories could be pec-

S0, andr-

by oand for the range of wa . veritods

conditions shown n Table ]

could be 1nvestigated with height chianges remaining essentially liunear, thus

permtling comwpracisons with theorstio i development .

wd. thirtv-s o waveshierght sensors were used to determine the wave

heaghts along the tour sections parcsicl with the shoreline and downwave of

the wertacal breakwator teiche

sectialis, atid tw re e e e PN A A i the oieanio
Phe average ot 90 wave terghts poecarded ot cach
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cb U g hergb o recor et Hhe romanine 4
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wave-Herght Data . i
T Wav e o patterns v i1 the conditions tested in this experimental -
sttty e hown o bhotos -9 wiave-herght amplitication coefficients, H/Ho ’ E
. @
tor all vondations testen are shown an Plates 1-36. FEach of these plates con-
stitntes a4 <evtion partllel with the shoreline at distances from the shoreline
ot 6, R, 10, or 12 tt The vorresponding scatter of the experimental data is .
1tndicated by the error bars of plus-or-minus one standard deviation. Also R
. . . ®
shown 1n these plates are the wave-herght amplification due to diffraction -
alone tas ot the basin were horizontal beyond the structure) and the wave- :
Berphit amplitieatson as indecated by the uniformly valid asymptotic theory. T
:J
. ®
Study Results X
48 . For small wave periods, small initial wave heights, and deep within )
the shadow zone (sections near the shoreline), both the diffraction theory and
. . . . ®
tie unitormly valid asymptotic theory predict wave-height amplifications that -
40 '
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compare consistentlv well with the experumental data Nearer the tip of the
breakwater the diffraction theory tends to diverge rapidly from the experi-
mental results, and the uniformly valid asymptotic theory more nearly approxi-
mates the experiments. As wave period i1ncreases, the deviation of the diffrac-
tion theory becomes more pronounced at all locations except very near the
breakwater; however, the uniformly valid asymptotic theory continues to

closely approximate the data from the experiments in all regions. The greatest
deviation of the uniformly valid asymptotic theory from the experiments occurs
outside the breakwater shadow zone in the area of the asymptotic undulations

of the wave-height amplification factor. This can be attributed to reflection
of longer period wave energy from the experimental bea~h breaker zone not ac-
counted for in the analytical development, since the uniformly valid asymp-
totic theory consistently underpredicts the wave-height amplification in this
area.

49. In general, it can be concluded that the uniformly valid asymptotic
theory is superior to diffraction theory alone for estimating wave heights
downcoast of nearshore structures subjected to combined refraction and diffrac-
tion. Particularly for longer period waves and for the region near the struc-
tures where scour and erosion are known to frequently occur, this theory pro-
vides an estimation that consistently approximates the results of this experi-
mental study and that is significantly better than diffraction theory. At the
same time, it appears desirable to incorporate into this theory a degree of
nonlinearity that is not presently available.

50. Because the uniformly valid asymptotic theory compares favorably
with the results of this experimental study (four sections parallel with the
shoreline for three wave periods with three incident wave heights each), the
numerical program developed from this theory and modified to fit the straight
breakwater geometry was applied to the entire shadow zone region of the struc-
ture. These results are presented in Plates 37-50 for distances parallel te
shoreline of 1 ft through !4 tt, respectively, in increments of 1-ft displace-
ment seaward toward the tip of the breakwater (which was located 15 ft from
the shoreline). The three wave periods utilized in the experimental yhase of
this study (0.75, 1.00, and 1.50 sec) are shown in these plates as the inde-
pendent parameters. It is apparent near the shoreline that the longer period
waves allow for the greater wave-height amplification at all locations (par-

ticularly within the shadow zone). With incrcase in distance from the

41
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shoreline, the longer perind waves continue to exhihit a greater wave-height S :‘
amplification in the shadow zone; however, ocutside the shadow zone, the period -
<o
effect becomes less apparent and eveatually becomes entirely obscured as the e ]
, . --0
undulations ot the difterent periods engulf (overlap) cach other. o
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g PART V1: CONCLUSIONS
% 51. Based on results from the three-dimensional experimental investiga-
. tion, reported herein, comparisons with existing diffraction theory, and a new

uniformly valid asymptotic theory reported herein, it is concluded that:

a. For short wave periods, small initial wave heights (linear
waves), and lccations well within the shadow zone of the struc-
ture, both the diffraction theory and the uniformly valid as-
ymptotic theory predict wave-height amplifications that compare
consistently well with the experimental data. However, nearer
the tip of the structure, diffraction theory tends to diverge
rapidly from the experimental results, and the uniformly valid
asymptotic theory more nearly approximates the experiments.

Tl " r 7TV g Vo

b. As the wave period increases, the deviation of the diffraction o
theory becomes more pronounced at all locations except very

near the structure; however, the uniformly valid asymptotic

theory continues to closely approximate the data from the ex-

periments in all regions.

B a0 sl

™

b c. The uniformly valid asymptotic theory is superior to diffrac- Py
b tion theory for estimating wave heights downcoast of nearshore
structures subjected to combined refraction and diffraction.
Particularly for longer period waves and for the region near

v
S §

. the structures where scour and erosion are known to occur, this

i theory consistently approximates the results of this experi- S
1 mental study. ’ .“
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Table 1 3
Experimental Conditions Tested
4
1 o I - e
Initial Wave Heights, H) (tt) near wave Generator
- Wave Period _— g sec) .
0.75 1.00 1.50 1
n 0.106 0.102 0.070 ® -
h
) 0.168 0.130 0.106 i
- 0.218 0.211 0147 ]
. _ o o _ o T -
'; Note: All experimentai test conditions were repli-
‘ cated 10 times. ®
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Fable 3
Distribution ot Wave Energy Throughout the Experimental Facility, 50-de,
Incident Direction, Period = 0.75 seo, Geean wave Height = 0106 {1t
b0-dey Breakwater Angle with Shoreline
Percent of fg}il Fnergy and Phase Anglv (dvg). Arrangement Ne oo !
Fundamental First Second Third Fourth
Period Harmonic Harmonic Harmonic Harmonic
0,75 sec 0,32 sec 0029 sec 0.13 sec 0.15 sec

v ¥ ¥ =

LAl

Nl

v

[

i~

O VS v

G<,420+99)
93,51 (+154)
Gh n3(=149)
QY. =127)
93,93(=-16)

94,35(+101)
99, 70(=134)
Ay, 01 (=2%)
Yy, 3 (+91)
49,57 (=147)

99,64 (<173)
99,63 (+123)
94,31 (+140)
99,36 (~132)
93,53 (-11)

99,05(+113)
99,23(-1131)
43,46 (=29)
99,19(+109)
99,84 (+56)

99,35(+59)
Y49 ,h3(+136)
93,73(-123)
Yh, 77 (=)
97.45(+124)
O3, 45(=120)
G7,22(-10)
Gu 25 (41400

G 0 g e

beean gage .

1.55(+1nl)
1,30 {=60)
N,35(~17M)
O0,0h{+126)
1.01(=-39)

0.60(-179)
5.26(+99)
0,95 (=5%)
0,66 (+150)
0,40 (+63)

0.35(-113)
0.27(+94)
0.17(-135)
0.10(+141)
1.39(=42)

0,82(-153)
0.67(+104
1,44 (=545
0.69(+96)
0.04(+27)

N.57(+72)
0.33(-31)
L.L7(+121)
3.05(-14%)
2.470~126)
1.4b(+124)
2R (=26)
N, 130=1134)
Ho2hee3))

0, fehd)

)
RN S
1. hi(=44)
4.71(-169)
7.0 (43])
e b=

0.00(+15%)
5,09 (+90)
O.02(+147)
D,040=112)
.04 (=43)

0.02(+43)
0.02(-103)
0,03(-h7)
0.0 (+34)
0.03(-93)

0.01(+1206)
0.02(+143)
0.00(+113)
0.02(-102)
0.07(-43)

0.01(+18)
0.04(=73)
0.03(-71)
0.08(+95)
0.03(+29)

0,04 (+52)
0,03 (+74)
0.03(=72)
O.13(=04)
0,07¢(+12)

0.05(=46)
D.13(=43)
noOt=171)
D.070+5%)
0,00 (-101)

G.,01(-21)
.06 (+]29)
0.02(+124)
0.03(+125)
D.a0(+11)
0,350+]139)

D.02(+76)
0.00(+159)
0.00(-113)
0.01(-11/)
0.01(-h7)

0.02(+38)
0.01(-131)
0.01(=%3)
0.02(+72)
.01 (=139)

0.00(-169)
0.02(+73)
0.01(+77)
0.01(-115)
0.01(-59)

0.02(+92)
0.01(=127)
0.02(-83)
0.02(+87)
0.04 (+64)

0,03(+69)
0.01(+77)
0,02(-120)
0.03(=24)
0.01(+127)

0.03(~115)
0.02(-56)
0.02(+28)
0.0%(+63)
C.00{(=73)

0,01(=9)
0.03(+10)
0.00(+15)
0.01(-58)
0.053(+124)
N.02(-40)

Nyl (+3h)
D,NN+76)
0,00(=131)
.01 (-10%)
0,00 (=n1)

0.01(+41)
0,01 (=118)
H,00(=31)
N,01(+73)
0.00¢=123)

0.00(-143)
0.01(+90)
0,00(+119)
0.01(-113)
0.00(-52)

0.01(+35)
0,01(=122)
0.01{(=386)
0.02(+78)
0.01(+73)

0.01(+%7)
0.00(+37)
0.01(~125)
0.00(=35)
0.00(+31)

0.01(-123)
0.01(-60)
0.01(+37)
D.0204+70)

D00 =240

0,000+
AIINN
CLO0(+100)
0.01(-107)
0.0 (+7%)
L0007+
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Distribution ot Wave Knergy Throughout the Experimental ract vy, 30-deg

Incident Divectien, Peritod = 0.75 sec, Ocean Wave Hvight = 0.168 tt

Percent of Potal Energy and Phase Angle (deyg

H0-deg Breakwater Angle with Shoreline

J.oArTrancemen

Fundamental
Period

Virat
Harnonic
0.@‘ S

Secaond
Harmonic
0.25 sec

T

Trird
Harmonic
0.19

147

(54

Vourth
Harmonic
G.15 sec

Gage 0.75 sec
1% 93,66 (+90)
2% 97, L7 (+141)
3 93,62 (~=122)
4 Q0,36 {=1n)))
5 Q7 , 3% (=42)
6 Ge. .58 (+350)
7 97,29(+144)
3 97.33(-733
9 95, 33(+13)

7.200+134)

GG, 06 (+140)
G9 . a1 (+119)
98,47 (+16%)
97.04(-94)
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% Incideiat Dorection poed o7 e, Ucedan wave Herght = O.168 1t
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Percent o€ Torsl beesoy ond fnase Angle fdeg), Arrangement No. U

O an

Fundaiiental
Poriod
0,75 sec

Second
Harmonic
0.25 sec

Third
Harmonic
0.19 sec

Fourth
Harnonic
0.15 sex

o 35 0+10)
A, 130+ 0)
G, T l~tR)
ERNEREEE R

97 an (=29

SN RG]
93,30 (~=147)
AR |
I S T

RTINS RUL

GRLAT =177
W oln(+ll
99, 249(+1 00
99,33 (-142)

55,33 0=%h)

Gfy 37 {+ 10
97,2301
53,79 (=3R1
RPN E BRI

RN

95,21 0+0 0
G, ot
Gy 6o (=1 2
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L d0=000
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SRR
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.40 (-94)
0.H3(+133)
0.01(-143)
0.13(=45)
N.12(=74)

0.02(<92)
0,08(~75)
0.13(=91)
GLia(-163)
G.07(-123)

n. 1()('*2(\)
0.67(-152)
D02 (+48)
0.01(-9)
0.26(-63)

DLI0(=47)
1. 14(-36)
0.23(-92)
01 (+115)
S (+59)

N,12(+65)
N.15(+51)
N.21(=59)
0.69(=57)
0,37(=36)

(1.35(=53)
(1,84 (=75)
G (=76)
(L7 (454)
Gt (=103)

S0 0=29)
(S (=1h9)
.57 (+119)
J.73(+52)
L va
L2 0+5%)

0.12(+49)
0.00(=31)
0.01(~110)
0.02(-124)
0.03(-h7)

0.05(+83)
0.01(-131)
0.05(-96)
0.02(+54)
0.00(+143)

0.01(-144)
0.01(+36)
0,02 (+113)
0.01(~144)
0.05(-102)

0.07(+32)
0.01(-146)
0.05(-91)
0.00(~16)
0.05(+52)

0.04(+68)
0.00(+144)
0.01(~144)
0.05(-5%)
0.05(+73)

0.04(=124)
0.07(-85)
N.01(+162)
.05(+38)
0.01(-110)

0.02(=13)
0.00(+60)
0.04(~63)
0.06 (<46)
0.47(+51)
0,24 (+176)

N,03(+10%)
O.OL(+102
0.00(=142)
0,607-125)
N.017-75)

0.01(+30)
0,00(=127%
0,01 (=97,
0.010+31)
0.00(+140)

N.60(+49)
0.01(+76)
0.00(+33)
0.00(-173)
0.01(-75)

0.01(+79)
0.00(=-134)
0.01(-92)
0.01(+77)
0.02(+74)

0,02 (+62)
0.00(+A7)
0.00(=167)
0.01(=77)
N,01(+101)

0.00(-114%)
0.01(-99)

0.00¢(+107)
0.01(+110)
0.00(=102)

N,00(=10)
0.01(+31)
0,00(+141)
0.01(~128%)
N.1a(+52)
0.03 (=700
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Distribution of Wave Energy Throughout the Experimental Facily

Incident Direction, Pericd = 075

—— = — - —w%

Table 7

. e
'L'v, $0) g

sec, Ocean Wave Herght = 0218 1t

60-deg bBreakwater Angle with Shoreline

Percent of Total Energy and ihase Aungle (deg), Arrangement No. !

Fundamental First Second Third Fourth
Period Harmonic Harnmonic Harmonic Harnonic
Gage 0.75 sec 0.38 sec 0.25 sec 0.19 sec 0.15 sec
1* 94.49(+93) 4.86(+147) 0.61(-138) 0.03(-51) G.02(424)
2% 98.95(+143) 0.84(-7) 0.20(+176) 0.01(+60) D.00(+113)
3 98.60(+162) 1.26(+75) 0.12(-149) 0.02(+47) O.00(+1546)
4 99,37(~172) 0.53(~29) 0.09(+123) 0.01(-30) O.00 7 +100)
9 95.55(-73) 4.,25(-134) 0.16(=179) 0.02(-161) N,02(-0a)
6 95.4%(+38) 4,32(+76) C.13(+117) 0.01(+85) 0.01(+33)
7 96.69(+158) 3.12(~54) 0.19(+127) 0.00(-17) 0.00(+39)
8 97.19(-98) 2.76(+175) 0.05(+118) 0.00(-120) 0.01(-134)
9 96.34(+20) 3.35(+41) 0,28(+56) 0.02(+78) 0.01(+53)
10 96.50(+131) 3.32(-95) 0.15(+57) 0.00(-171) 0.00(+174)
11 98,13(147) 1.83(-138) 0.04(~17) 0.01(+64) 0.01(+179)
12 99,52 (+35) 0.32(+13) 0.14(+86) 0.01(+86) 0.01(+76)
13 99.09(+97) 0.20(+155) 0.09(+108) 0.01(+77) 0.01(+76)
14 96.33(+170) 3.,43(=25) 0.24(+139) 0.01(-5) 0.00(+123)
15 94,48(-93) 5.31(-170" 0.19(+120) 0.00(+13) 0.01(-137)
16 92,46 (+38) 6.81(+69) 0.63(+91) 0.07(+107) 0.03(+77)
17 94.57(+146) 5.12(-75) 0.31(+73) 0.00(-118) 0.00(-42)
18 95,25(-102) 4,59(+165) 0.15(+70) 0.01(-60) 0.00(-1417)
19 97.71(+76) 2.13(+95) 0.11(+39) 0.04(+493) 0.01(+92)
20 99,99(+17) 0.01(=140) 0.00(-120) 0.00(+46) 0.00(+26)
21 99.62(+21) 0.36(+35) 0.00(~-10) 0.01(+40) 0.00(+38)
22 95.75(+81) 4.05(+137) 0.15(+157) 0.03(+77) 0.01(+79)
23 92.23(+156) 7.23(-56) 0.54(+100) 0.01(-91) 0.00(+48)
24 90.02(-92) 9.59(+176) 0.36(+84) 0.02(-56) 0.01(-129)
25 84.85(+27) 12.65(+46) 2.06(+64) 0.33(+76) 0.10(+74)
26 89.60(+153) 9.35(-61) 0.99(+94) 0.06(~129) 0.01(+7)
27 91.80(-103) 7.94(+160) 0.23(+60) 0.03(-64) 0.01(-142)
28 98,06 (+125) 1.92(-103) 0.02(+39) 0.00(+13) 0.00(+39)
29 98,77(+35) 1.18(+0,.9 0.03(-23) 0.01(-33) 0.01(+3)
30 99.67(=27) 0.37(-31) D.01(+54) 0.Q1(-85) 0.00(-62)
31 98.77(-12) 1.19(-31) N.04(+30) 0.01(-11) 0.00(=4)
32 91,39(+25) 7.80(+42) 0.70(+55) 0.10(+69) 0.02(+60)
33 87.77(+82) 11,39(+16) 0.,78(~135) 0.03(-8) 0.03(+45)
34 83.33(+175) 14,65(=-20) 1.78(+143) 0.22(-43) 0.03(+108)
15 81.49(-76) 16.60(=-164) 1.75(+111) 0.12(-10) N.04(-122)
36 80,89 (+52) 15.36(+36) 3.01(+108) 0.59(+114) O0.15(+117)

Ocean gage.
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o Taible 8
P:-," Distribution ot Wave Energyv Throughout the Experimental Facility, 30-deg
:!r Incident Direction, Pericd = 1.00 sec, Ocean Wave Height = 0.102 1t °
:_ 60-deg Breakwater Angle with Shoreline i
Percent of Total Energy and Phase Angle (deg), Arrangement No. |1
Fundamental Pirst Second Thiri Fourth . )
9 Period Hirmonic Harmonic Harmonic Harmonic E
iV Gage 1.00 sec 0,30 sec 0.33 scc 0.25 sec 0.20 sec .
= I*  09.19(+86)  O.nd(+116)  0.16(+174)  0.01(=133)  0,00(-25)
b 2% 99.44(+122) 0,.33(=90) N.00(~125%) 0.02(+13) 0.01(+119)
= 3 99 ,.04(+163) 0,32(+136) 0.,04(=56) 0.00(+128) 0.00(+27)
‘e 4 G9,600+137) 03 3(+147) 0.05(-141)  0.02(+10) 0.01(+113)
i 5 93.07(+176) 1,91 (=13) 0.01(+146) 0.00(~147) N,00(+51) ®
6 a2, 40(-103) 1.97(+165) 0.01(+74) 0.00(~116) 0.00(-130)
f 7 93,03(-23) 1.7 {~53) 0.01(-72) 0.00(-171) 0.00(+38)
i 3 93.22(+57) 1.67(+93) 0.03(+111) 0.01(+101) 0.00(+116)
s 9 93.75(+125 1.230(~119) D01 (+34) 0.00(+58) 0.00(+106) i
[. 10 99 ,1h(~-15k) D.31(+32) N.02(-136) 0.00(+99) 0.00(-136) ®
’
' 11 99.13(-15) D.34(=22) 0.01(-60) N,02(+142) 0,01(+142) -
. 12 92.,13(=27) 1.84(~50) 0.03(-98) 0.00(+105) 0.00(+65) J
13 99.50(-h) 0.49(+19) 0.00(~159) 0.01(+179) 0.00(-142) -
14 98.33(+54%) 1.63(+105) 0.04(+106) 0.00(+140) 0.00(+79)
15 97.93(+144) 1.95(~84) 0.07(+5%) 0.00(+156) 0.00(+61)
16 97.41(-130) 2.51(+94) 0.040-49) 0,00 (=150) 0.00(=144)
17 98.44(-63) .54 (=121) 0,01 (=159} N.00(=-nT7) 0.00(-77)
13 98,25 (+1%) .77 0+730) D.030+3%) 0.000-0.5) 0.00(+22
19 99.7h(=115) Bolh~41) 007 (+177) N.0O1{+151) 0.00(-32)
20 99.930-171) TN I{+1s) 0.04(+16) U.01(-131) 0.00(+94)
21 99,91 0(+170) 0,05(+3) 0.02(-13) 0.01(+146) 0.,06(-15)
22 93,95 (-166) Tod(+l) Q.01 (+54) 0.0i(-106) 0.00(+79%)
o3 97.02(-109) 2.03(+133) 0.05(+7) 0.01(-1260) N,00(+127)
24 96,26 7=40) 3.0 di-3%) D1L(=112)  0.00(=109)  0.00(-141)
25 92 ,4837+4h) A.h ] (+79) 0,50 (+1158) 0.04(+133) 0.00(+152)
26 93.h 17+l 20 VLA (-103) 0,350-6) 0.040+113) 0.00(-92) -
27 QAL bh (=157 VoA () .16 (=125) 0,91 (+23) 0.,00(-a1)
24 93,497 743 O (02 0,06 (+140) 0.01/(-189) 0.00(=17)
29 97,3000 1) L0438 0,04 (+17 D03 (+62) 0,01 (+93)
30 Y7.27(+4) JuETHEAT) 0,02 (+37%) D,040-n2) 0,01 (+24)
31 95,61 (+59) 4,00 7103) O0.11(+123) 0.02(+100) 0,02(+102)
32 94,35 (+109) Gomii=165) 0.20(-7¢) 0.01(-6) 0.000+59) -
33 90,94 (+172)  4.23(=36) 0.63(+120)  0,08(-77) 0.02(+103)
34 85.09(-110) 12034 (+124) 1.82(+2) 0.24(-112) 0,03(+154)
35 83.24(-131) 13.73(-32) 2.53(=121) 0,54(-153) 0.06(-163%)
i 30 88,.32(+55) 11, 1 (+90) 1,440+12 40 0.15(+139) 0.00(=1k4)
r. ®
| 1
Ocean gage.
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Distribution of Wave Energy Throughout the Experimental Facility,

Period =1

Incident

Perc

Direction,

) 30 a2 et At A R IV A S I A SN AR

.00 sed

Tabie 9

6G=dry Breakwater Angle with

ent ot 'l'(r)ti;i”l

shore

_Energy and Phase angle (deg),

eline

s=degy

, Ocean Wave Height = 0.102 ft

Arrangement No. U

Gage

Fundamental
Period
1.00 sec

First
Harmonic
0.50 sec

Second

Harmonic
0.33 sec

Third
Harmonic
0.25 sec

Fourth
Harmonic
0.20 sec

1%
2%

3

(Yeean

949, 1()(4,\:())
1AL (+113)
9,23 (+147)

94,23 (+159)

a3, 21 (~135)

9,8 1(=53)
44,09(+29)
H3L.00(+104)
L, 01 T

Uy, 3 (=v

G, 3540
LA (=2
D357 (=11
99 .65 (+34)
63,41 (+115

ey, 2 (<=133)
97,20(=79)
Toln (=40
Gy, S0 (=134
949,37 (=1hoH)

G99 (=170
G ,aR =108y
Gh X =H1)
Gy, 64 vl ™y
A3,030+100

Gh G ei=) T

B Y (R |

a0 )
L, o
L2 2 ;
fary + i
[ EEE B A

G2 hn(+lag)
3R.31 (=13
AR RS
SRR IR O

s

D.75(+112)
0.34(=77)
0.73(+114)
O0.71(-101
1.750431)

1.53(-94)
1.383(¢(+33)
1.9 (-143%)
0,99(=-17)
1.11¢+15h)

D04~ 0-51)
OL0T(+]74)
N9 (=51)
Gl +30)
3.3 (=121%)
5,906 (¢273)
Pl (-172)
3,0 5(=9)
AR WA I
[ I AR A S
PRSI
PR A
RN
o<t ] iy
I ISR
11,240+79)
PaLsiie=100

Lo .
14, LSRN

0.13(-141)
0.03(-29)
0.03(=140)
5.01(+23)
.04 (~38)

0.05(-129)
0.03(+37)
0.02(=41)
N,01(+172)
N.01(+32)

0, 1N(-101)
02(+51)
D,H)(—l%&)
N,000+103)
0.113(<49)

b =130

PRI U P
ol =4I
PR E IR
VLOT TS

0,11 0+127)
O, (=5
O, 11(=177)
O, A (+36)
N.30(=7%)

L3 (=174
D11 (+42)
AR Y g S/
Fo 7 (+1T7n)
"‘.!!‘Av +]1 3

Nl (+a )
Bt se=137)
N, +1(+33)
1.hA(=-AR3)
YA (=1 Rt

3

LN (4

0.01(-31)

0.

03(-33)

0.01(+111)

0.

0

0.
.
0.

0

7.

0.

00(-178%)
L00(+56)

N0 (+156)
00(+71)
NO(+973)
LOO(=190)
NNn(=11%)

N3 (=573)
D¢+

N,03(=151)

0.
0.

0

0} .

8}

0y
0

A

3.

0

0N (~61)
N2(+31)

L1 (+37)
NN
(=R
AREC NS
L3113
LY+ T
Do +33)
LOO(+10Ww)

0,03 (+35)

N

0

0.

I

LA+

N30=5)
01 (=39
LOR (430

O,02(+1320

i,

i

0,

).

04 (+31)
L3411
D (=36)
05(=-157)

N.24(+1638)
0, 33(+123)

0O,

34 (+91)

0.0 (+128)
0,01 (+7%)
0.09(=A1)
0.0Ni=117)
0,00 (=49)

0,00 (=17)
0.000+133)
n.ne0c+1 3N
N, 0+

N0 (=t n3h

N.010=24)
D.NLE+130
n,ol(=1"")
0.0 =133

N, N )
AL T
[ LY S
‘).V\1 R SN

nonlo—) 0
AN R

N, r+5 00
N, Nt =105
O, 00 (=149
D,01(+~"
0,00 (+]1573)

N ﬂ](-ll
. -15
N f]()(—jal

("\l\l 1.)
0,01 (+184)

0,02 (+1010)
FJO00 T+

0,01 (+100)
0.N2(+34)
N,05(+36)
0.0 (4100

W
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Distribution of waive Fnergy Throughout the ﬁipqiﬁmvgggiﬂfﬁcil;pyJ”3Q:Qfg

Incident Nirection, Period

Percent ot Total knecos

60-derg Breakwater Angle with Shoreiine

= 1.00 sec, Ocean Wave Height = 0.130 _tt

and Phase Apgle (deg), ﬁ({ﬁﬂgomggﬁﬁNu;rl

Gage

Fundamental
Pc e ‘:0('1

1.00 sec

R
red

Secon:
Harmonic
0.33 swc

Mird
Harmonic
(.25 =ec

Fourth
Harmonic
0.20 sec

R

PRNRVER ¢

o3

*
*

Rl
36
Ocean

99.,22(+93%)
99.00(0123)
99,.320+169}
99,91 (+La 7
99,44 (=177)

96.33(-93)
96.99(-23)
97.21(+38)
97.,22(+129)
93,27 (=157

97 .02+
96,10 (+140)
94,54 (+1 3500
95.697-62)

96,73 (+20) T O.1A(+4%) GL0TEARD) 0,01(+72) .
94,59 (=100} O.3 (s (=31 DLl 1 72) 0.00(=-32) R
99,47 (=16H0) Gaif=15%4) G.0R=]]) G.010-15%2) G,00(+180) AN

®
99,69 (+17A)  TL0{=00) CLOL(+97) O.AG{+L55)  0,00(+56) B
97.,90(=1:7) L0 0=13 DR (-176) L (=108) N0,00(-166) q

5,57 (=167 GL200I54)  DLT(+39) 0,00 (=02 0.00(+174)

PR EREN o (=) SV T 120) DL {=147) 0.05(=146) :
37,27 (%0 VL ST Lonb +136) AN 0.02(+157) ]
37,9000 T (=1 24y D.97 (=1 0,10 (+107) 0.02(-115) !_1
92.0%70=1351 SEy A L I R S A 0.10(-43) -
SO0 b (=11 .07+ 4 O o lae) 0,00(+110) 1
Oh, 550 T R G.oai+lin Lo e 0,40 (+100) 1
":r\_()&(*',lr, + LI ; i *!All.) D, ] k ().0?("'(7[4) :
R

GhL et PRI R SR EE R N 1.02(+93) ®
LRI E RS AR A S A GaAiie QL0 (anl) 0.007-156) ]
33/l TR o Jlowiny A=) 0,04(+4128) . :
. I N
77400107 IR EIR Gl (=13 LU= 39 ().()()(+()7) “,‘\:_‘
74,52 (=40 Caieloly AL eT=-an0y 0 sl e 0,12(+109) S

7941+ I RN TR RIS A SRR 0,07 (+148) :
-

®
Beage a .ﬂ
S

®
1

U )

1,4:_‘L‘ S A e ) a ;‘__n-__s_..‘._-_“l‘l‘-‘lA- e A’ e A A a . o m A m i m e .- - -_._7>-)A-‘-4-.A-A.4‘J - e - ,_'J

Hivnonic
Sdoges
1,."7“(-91{5")
[ I T
GLolh o=t
[ EEE Y
(RN Nade!

N.L3(+123)
J.00(=373
NL.01(=533)
.0t (+1620

0.00(=41)

N.14(+54)
0.17(-39)
O, lu(+129)
N.02(0+20)
N.05(=122
N, 00 (+539)
N.00{=316)
0,01(-36)
G.0850+1458D)
G.23(+60)

(.30 (=59)

.21 {=-169)

D01 (+149)
QL CTL+75)
(.02¢+118)
0,04 (+45)

~/.151,)"\‘+72)

0.02(=47)

G.030-653)

0.N1(-173)
0,31(+123)
0.00(+119)
O.04(+145)
0.00(+12)

0,01 (+122)
(,00(-150)
0,02(-133)

0.0h(<153)
G.0l(=169)

0.00(+63)
0.00(=141)
0.00(-121)
0.00(+119)
0.00(+62)

0.01(-108)
0.01(-61)
0.00(+20)
0.09(+3)
0.00(=53)

0.01(+171)
0.00(+133)
0.01(-130)
0.01(+63)
0,00(+87)

0.00(+36)
0.,00(-176)
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Table 11
Distribution ot Wave knergy Throughgut‘Lﬁgiﬁxperimental_EgpiligyL“}deeg -
Incident Direction, Period = 1.00 sec, Ocean Wave Height = 0.130 ft e
b0-dey Kreakwater Angle with Shoreline
Percent of Total Energv and Phase Angle (deg), Arrangement No. 2
Fundamental First Second Third Fourth b
Period Harnonic Harmonic Harmonic Harmonic ¢ 1
Gage 1.00 seo 0.50 sec 0.33 sec 0.25 sec 0.20 sec "
1* 938,32 (+91) 0,97 (+110) 0.17(+137) 0.04{(~141) 0.,00(+25) K
2% 99,03 (+122) 0,94 (=111) 0.01(=31) 0.02(+88) 0.00(-99) ]
3 99,51 (+119) 0,42(+112) 0.07(-177) 0.00(-177) 0.00(+97) 1
4 99,22(+151)  0.75(=87) 0.02(+34) 0.01(-155)  0.00(-108) ®
5 98.06(=144) 1.30(+57) 0.14(-115) 0.00(+110) 0.00(~12) ]
6 95,54 (-60) 4.21(=114) 0.24(~159) 0.01(+157) 0.00(~173)
7 96,09(+19) 3,79(+35) 0.18(+450) 0.03(+81) 0,00(+149)
3 97.13(+93%) 2.73(+174) 0.07(-105) 0.02(+33) 0.00(+88) .
9 97,41 (+164) 2.52(-33%) 0.07(+134) 0.01(-69) 0.00(+104) 4
10 §3.07{(-108%8) 1.8%(+140) 0.03(+15) 0.01(-89) 0.00(=129) L4 1
11 93,38(+15) 1.55(+54) 0.04(~143) 0.02(-41) 0.01(-45) ;
12 97 ,35(-28) 2.10(-53) 0.06(-15) 0.00(~-65) 0.00(+52)
13 98,49 (-20) 1.48(~27) 0,03(-101) 0.00(+131) 0.00(+167)
14 98,25(+27) 1.69(+49) 0.05(+78) 0.00(+49) 0.00(+138)
15 96,94 (+104) 2,88(-156) 9.16(=58) 0.02(+70) 0.00(-76) ®
sl A
16 94.,21(-169) 5,27(+9) 0.47(-169 0.04(+31) 0.00-117) . 1
17 94,33(-92) 5.30(+164) N,27(+67) 0.03(=25) 0.01(-108) S
13 95,31 (-19) 1,97 (-44) 0.19(68) 0.02(~73) 0.00(-81) ) -
19 99,66 (-140) 0.29(-73) 0,04 (+85) 0.01(-16) 0.00(-149) .
20 99,84 (~1380) 0.04(+90) 0,10(+9) 0.01(-98) 0.00(+10) '.
21 99.49(+173) 0.47(-29) 0,02(+25) 0.02(+143) 0.01(+16) o
22 96,75(~135) 3.,07(+70) (.19(82) 0.00(+7) 0.00(-170) ]
23 913,83(-70) 5.91(-149) 0.24(+151) 0.03(+87) 0.00(=2) )
24 39,48 (+3) 9.50(-9) 0.840-13) 0.15(-=3) 0.03(+37) 1
25 33,38(+83) 10.37(+153) 1.12(-132) 0.11(-39) 0.02(+60) )
26 91,54 (+70) 7.73(=33) 0.65(+132) 0.08(-56) 0.01(+113%8) '!—1
27 93,51 (-112) A.03(+122) 0,40(-8) 0.05(-104) 0,01 (+171)
2% 97.23(+145) 2.74(=71) 0,01(-103) 0.01(+11) 0.00(-107)
29 97.09(+84) 2.77(+139) 0,11(+166) 0.03(+107) 0.01(+39)
30 96 A (+4T7) 3,74 (+A8) 0.06(+68) 0.03(+67) 0.03(+62)
31 93,73(+47; 5./ (+31) 0,45(+119) 0.04(+129) 0.03(+97) ® ’
32 93,23(+30) 6.32(+149) 0.42(-160) 0.02(~-13) 0.01(+33) 1
33 86.99(+145) 11./76(-91) 1.03(+38) 0.21(+169) 0.01(+4) 3
34 77.45(=150) 13.10(+39) 3,71(-122) 0.66(+84) 0.08(-66) 1
35 74.32(=76) 19.69(-170) 4,41 (+104) 0.90(+21) 0.18(=-70)
36 75,96 (+A) 13,54 (=8) 4.34(=-13) 0.93(-15) 0.18(-19)
. i
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X P 0
’ Distributron ot Wave bhuerey Throast: ot the Experimental Facility, s0-aeg
"‘ Incident Divectron, Pevaod Lo e, tcean Wave Helght O.211 ft
Y
) ~dee broakwater Snele with Shoreline
: Percent of lovad boecey aol Thove Anple (deg), Arrangement Ny
&i Fundamental Tirst Second Third Foirth
Yoriod e cmonic Harmonic Harmonic Harmonic
i Gage Lo ger L sec 0.33 sec 0.25 sec 0.20 sec
(.
. 1% QU T+ =R 0,06 (-163) 0.12(-9) 0.01(+92)
- D& TR N A Lons(=19M N.05(-27) 0.05(+105) 0.00(=137)
X ) D3 5n (130 Lo (+1013) N,07(+121) 0.00(+25) N.00(+1A1)
'( 3 O R N R o=t 0.37(+3%) 0.07(+153) N.01(=39)
Y 2 Yh, (=100 Lo (#53) 0,42(-92) 0.04(+131) 0,030+2)
b RFRATEERE AP RRC NS DL74(+162)  0.DR(+125) D002
7 GG, 37 (+0h) Y U (+0) 0.32(+16) 0.01(+17) 0,00+
3 a2 e+ 00 T+ an) 0.,49(-136) 0.03(-7) 0.01(+11} 2
L— ) A n 7 el Holni-50) N, 24(+109) D.04(-56) N,00(+115)
¢ 10 SR R G115 0.4 (-8 0.03(-106) D.N0(=-15%)
H 11 Q5,150+ 1) 4.783(+57) N.,06(+39) 0.01(=104) 0,01(=2)
f 2 94, 1 (=0uy 3,21 (=53) 0.53(-7h) 0.06(=11A)  0,01(=129)
3 13 93.62(=15) YL (=27) D41 (=3H) 0.0n(=52) 0.01(-39)
14 97.43(+1%) 2.42(0+51) O.14(+37) 0.01(+38) 0.00(-159)
L‘ 15 91.12(+39) 3.30(+163) 0,53(-105) 0.04(+22) N.01(+83)
{ 1A 3G,1H 04170 G2 (=30) 1.22(+135) 0.10(-64) 0.01(+347)
- 17 19,50 (=173 G.52(0+139) N3 (+19) 0.11(=31) 0,01 (=170
¥ 13 31 ,400=30) T (=6 D.90(=92) 0.12(-105) 0,03(-104)
f.. 19 A9, 05(=141> s =hd) Gt (+4) 0.,02(-110) .00 (+1-1)
y 0 ANLTE(=1T3) 2 0430) 0,0k (+40) D.01(+151) 0, 00(=3"0
F‘" 21 QI 23 (+1 ) .o (=47) D,03(+123) 0,01 (=103) D, 004177
] 20 A, 35 (=1, nL T A Neb5(=122) .03 (+Q2) Nl (=600
[ 23 35, 0 (=30 PRI 1.72(+30) 0.21(=-19) DA (=1"1)
1 24 Al -20 | N 2.65(-8%) N.435(=-104) (AR I U
R 7T 3045 T Lo An(+10) 1.,58(+147) 0.5 (=1n7) N,3(0=1.19)
o oh SIS DY N ST 2052 +R0) 0.32(=157)  0,03(=205
i ) SIETURRTE AR AT e L 1.33(-51) 0.20(=177) 0,01 (+4=)
i 2 O, N / 1y ., 100+3%) 0.13(=749) RN I RERA
L_'_ A vy . crlL (\.5‘)(+17?3) 0,01 (+16n) A
- U RIaY e CLAG (1) 0,03 (480 Loy
e i i o a7 (+90) N.27(+111) Ou i+ 00
§ X e ! boel RN RS WA 0.34(=-130) L=
} 1y N el AN a3 (=51 .36 (+61) LISt
b 34 S alel o n,h3(F1TS) 1.90(-90) O.91 (+39
- . ‘ A Lan (= 319) YLra(=177) O, 70 (400
it Lale-lany L2O(+]17H) Dol
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Distributiea cr w5 e thronphont i ceperene ntal Facility, 30-deg

B( N

[oncirdent oo o0 ca P.00 <o tean wane Heaght 2 00070 1t
ey oo b e A e m U St e
Percent o . . i oedoso o Sac e ey Mo inyement N

Vaed e ST REPECI hird Fonrth
L . i crrmonic armenic
Gase | R, R P BN L3 sece (.30 sec
! ERNRV I L= AT R o (4 .03 (+158)
ok s : . Nyl el eNY 0,00 (+66)
J [ N A [EUEED A IR [ SR (S B B 0D (+96)
-+ il . . : . - R DL (+78)
. - =l =3 OLUD(+173)

f Gt Y L) e=121) 0.C1(+111)
1 TR I DL it LI 0123) 0,01 (+23)
3 TRV RIS IR RN T (458) 0.01(=24)
a Wi T 0,31 (=170 fagen2) 0.01(+51)
) Waiae AR OACHT Y 0L T (=34) 0.01(-103)

11 WL e GL00(=17.0) DA (+123) 0,01 (+52)
12 U I Q.04 (+140) 007 (=8]) 0.03(+111)
13 Moo SR Gl (=39 004 (=7) .02 (=91)
14 G A O (=05 0.154(=3) 0.00(-104)
15 GaLaeoer : i CLnietny LG (=40) 0.00(=74)

1h EANEL R RO R 4 l-111) 0.01(-159)
17 WAL e . (=4 L0 =131 0.0 (+164)
13 RS R an(he =TTy 060 (-106)
19 G ‘ ‘ R G- Gl (=349 9.01 (+20)
20 g, o GLOU e L TLuu(+141) J,01(+197)
21 A, e e =) .07 (i rL 04 (=9 (,02(-16)
22 93,1+l A TLtie=tey LI 19) 0.0k (-99)
23 EA TR oo NGRS TR S AN 1.06(+168)
24 R . o O,E30-0 00 IS ] 0.00(-99)
25 RIPIE TR e B e Gt 3 (=y) 0.00(+177)
2k A noR NN EN T 0.01(+91)
2 SRR ‘ Vi SRR 0.01(+24)
- I . O B Ll esng 0.02(-2)
™ L Pl LT, 0.01(=-2)
30 b R I RS 0.01(-114)
3 IR : AR e =0 0.02(-31)
3 ac. S S SRS 0.0:2(+119)
34 AU CeYt : Y=t N.01(+173)
3, .G | RS R LT T HRD .06 (+135)
5% Pl P LR T ) 0,16 (+36)
30 T R EPREE RN LATERL Y 0,120-50)
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Table 15

Period = 1.5¢(

Bl=dep Breakwator Angle with Shoreline

ot wave konergy Throughout the Experimental Facility, 30-deg

sec, Ocean Wave Height = 0.070 tt

Percent of lotai buerey and Phase Augle {deg), Arrangement No. 2

AN .
ML RN

Fundament:i! Yirst Second Third Fourth
Periond Harmonic Harmonic Harmonic Harmonic
Gage 1,00 sen 0.7 sec 0.50 sec 0.38 sec 0.30 sec
1* QTLA2+R ) 2.77(=37) N.00(+14b) 0.00(-75) 0.01(-173)
2% 9,17 (+97) 0,60 (=9) D.17(+131) 0.00(=79) 0.00(+98)
3 95,33 (=-94) 31.95(+177) 0.11(+91) 0.01(-174) 0.06(+55)
4 94, 13(-39) N7 3(=109) 0,06 (+39) 0.01(+77) 0.03(+113)
5 93,05(=55) 1.90(-66) N.02(+16) 0.062(+57) 0.00(+77)
6 09 47 (~16) 0.40(+16) 0.07(=11) 0.00(-43) 0.00(+146)
! 99,34 (+34) 007(+127) 0.09(-89) 0.01(-38) 0.00(+50)
3 99,77 (+36) 0.15(+9) 0.03(-169) 0.00(+82) 0.00(-2)
9 9G,95(+1137) 1.03(+171) 0.01(=157) 0.,02(-127) 0.00(=37)
10 97 . H0(+175) 2.177-89) 0.23(+26) 0.00(+70) 0.00(=77)
11 96 h2(+Hn) 3.20(+129) 0.02(-139) 0.05(+134) 0.01(-99)
12 96,33(+27) 3.593(+67) 0.01(-115) 0.03(-36) 0.06(-21)
13 98,04 (+33) 1.31(+97) 0.02(+143)  0.02(+168)  0.12(+42)
14 93,67 (+52) 1.18(+152) 0.13(-148) 0.01(+80) 0.01(+41)
15 99,52 (+94) 0.27(+149) 0.,20(+119) 0,00(+145) 0.00(-97)
16 9%, 1910+144) 1.70(=1263 N, 11 {(=17) 0.01(+170) 0.00(-124)
7 96,83(=1h1) 3.11(-34) N.05(+71) 0.01(+177) 0.00(+27)
13 Y4, 35 (=11h) .07 (+A1) 0,54 (-103) 0.04(+92) 0.00(+23)
19 97.45(-177) 2,50(+35) G.02(-111) 0.02(+17) 0.01(+64)
20 Oh . K2 (+163)  3.20(=2) 0.0h(+120)  0.02(-163)  0.02(-8)
21 97 41 (+1nl) 2.32(=4) N,05(-122) 0.11(-69) 0.12(=29)
22 99,74 (=177) 0.21(+h) 0.02{=35) 0.00(+115) 0.02(-56)
23 YI.63(=145n) 0,93{+2) N0.35(~164) 0.02(+103) 0.00(+10)
24 4,24 (=104) 5.71(+93) 0.03(-19) 0.02(+113) 0.01(-14)
25 G2 13(=47) hoh (=156} 1.08(+122) 0.07(+37) 0.02(-2D)
26 39,5.7(+3) 9,71 (=42) 0.h7{(=45) 0.05(-71) 0.01(-152)
2 38 A HAO) LOLO%(+59) 0,50(+72) 0.03(+77) N.00(+35)
23 99,70 (+4) O.R70+106) O.0h(+153) 0.02(-100) 0,05(=147)
29 UL, 90 (=al L.t i=4) .01 (+60) 0.0L(+163) 0,00 (+94)
4 Oy - L =10 OL03(=91) 0,01 (+116) 0.03%(+3)
. 11 ERS T SURE ST R n.otad+iaol) 0,06 (=10) 0,03 (=H0)
5 3. a3,05(=1414, Loei=1al) Gl +152) N.10(49%) N,02(+91%)
13 Fh,090=1) e 1,45 (=39) N.03(-123) 0.00(+125)
E 34 36,31 (+37) LLo2 42 1.75(+14) 0.22(+23) 0.02(+5)
) 35 73,76(+47) 1A, 330(=131) 3.97(=-162) 0.61(-99) 0.14(=-30)
{ 16 RN N IR PR S B L T=1) 0.75(+913) 0.23(=157)
]
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' Cab e
: Distributiron ot wave Fner,y fhvoughent the Experimental Facility, su-de
b . ' ’
r‘ [ncident e on, Peraod ool sec, Ocean Wave Heaght = 0,106 ft - @
; pos b troakaate o Angle with Shorel tne :
Percent of Total Froouy winn Phase Angle tdeg), Arrangement No. 2 1
Fundaimental T et Second Third Fourth PY )
Perind Harmaonice Harmonic Harmonic Harmonic 1
Gage 1.7 sec LT see 0.30 sec 0.33 sec 0.30 sec ;
- ) - 1
1* Ao 30+ S, =70 0.0 (+11) 0.01(-36) 0.03(+90) 1
2% 97, T s{ri0d Poia 195 U,24(+110) 0.03(=4) 0,01 (+43)
3 SERNIR Y LA+l TN n,.06(-175) 0.03(-53) 0.03(+7)
49,4l i=4 ) 95 i=102) 0,53 (+38) 0.02(+26) 0.00(+153) o
3 L9 (=54 SR RS B N.15(=73) 0.00(+102) 0.00(+74)
£ 9T L= S (230 D14 043) 0.01(-52) 0.00(-113)
7 0,67 (+39) 1.04(+132) 0.26(~133) 0.03(-115) 0,00(+111)
3 a0 71 (4] N, 77-85) 0.10(+31) 0.01(-165)  0,00(-19)
o DR IR IS 0,15 (=73) 0.01(+97) 0.00(~-14) ® -
1 Gh < dal o RN D19 (+1 ) 0.03(+133) 0.00(=27) 4
11 Q3,70 {+50) AL (+133) 0,12(-130) 0.08(-11) 0.02(+104) a
12 S B T G0 30470) G.35(+112) 0.16(+125) 0.01(-74) :
I 90 02 (+35) 3.72(+93) 1.597(+162) 0,01 (=40) 0.02(+12)
14 96,35 7+56) 3.51(+1n%) 0.13(-160) 0.01(-135) 0.00(-102)
15 G, 140+ SRS 0,42(+32) 0.02(+133) 0.01(=23) L
14 98,33 (+147) Lorer=113) 1024 (=40) 0.04(+837) 0.00(+20)
17 Q7 54 (=15%) Y= .02 (+138) N0.02(-56) 0.00(+73)
l-J, i f,.(’\‘\(—lvi?\; IVW.'» l_v+v(|4(xﬁ te, ‘7(—1()6) 0.07(“‘98) 0.01(-5(")
19 LT3 (=170 R SR Lol (-102) 0,00(=152) 0.03(+70)
L PR S EPRLLEEE S I Lo (#23) 0.01(93) 0.06(=151) °
A3 L, a7kl LA Noh (+107) N.04(~128) 0.03(-58)
] KN SR NG TS BN FE RN L 3(=75) 0.04(+125)  0.01(+3) ]
{ 23 93,480 (=142 .13+ D.33(+177 0.07(+31) 0.00(-161) E
24 CR AT PRI Lot (R 0,54 (=40) 0.02(+173) 0.00(+3%) ]
L, R LT A=A 1O (=] 30 L1041 ) 0.19(+38) 0,04 (-38) 4
! A . [ )
- Yy T R o aud=4T) LR =6) 0.63(-81) 0,11 (=105 R
2! ST S I oAy .18 (+373) 0.45(+108) 0.10(+144) i
0 RSP Py e il A0 0.00(+152) .01 (+103) "
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L Poitiien )
‘ lﬁ)istmhn“vn of wave b ey Thronetont the baperament s Faorlive o =,
t‘ [ncident Crrectoeg, Yeeraoad Lot see 0 Ocean Wave Hr‘ll‘ght N
3 e vhe gty Aowle with Shoreline
Percent ot lotat b and Fhaee Angle (deg) ) Arrangement SNo. o
E Fundamental T rst Second Third rourthn :
- Poriod ronic Harmonic Harmonic Harmonic o .
- Gage NIRRT P T s 0.506 sec J.33 sec 0,30 < )
- R T e 151 RN T S ATy 0.43(+41) 0.02(=54) 0.01(+2) '
X 0% Gk (el13y G TR (=2) 1.13(+130)  0.02(=-51) 0.02(+355)
;’_ 3 RE . h3 (=73 Lo, 42 (=184 .17 (+171) N.29(+172) N, 030+172) |
J 4 O R (7)) P 130=154) 1ol (+100) 0.12(+39) N.OTI—F%) Py
5 h, Al (=47 F1,91(=57) 1,42(-37) 0,11(=-112) N, (=127
f Y2, 23(=6) 7.2 (+40) D.47(+73) 0.04(+107) 0.00(+]14)
7 I8.50(+47) J.03(+142) 0.74(=142) 0.11(-93) 0.00(=-52)
3 G4, 3L (+107) N80 (=97) 0.30(+77) 0.04(=158)  0.00(=51" ]
o 9 GRLUOTHIN0T DA T 0.5%(-69) 0.07(+73) 0,00 (=1"r" 4
p 10 Y3, 3u0=171) N, =700 D043(+1015 2.02(+173) 0.01(+32) L 1
11 37,95 (+H3) 17,30 (+156) 0.90(-94) 0.17(=55) 0.09(=45)
12 34,00 (+44) 13.A30+93) 2.23(+12%) 0.05(+176) 0.03(~1h9)
13 L0 (4450 14,21 (+102) 1.53(+163) 0.23(=120) 0.03(-37)
L 14 90, 10 (+50) G.r1(+171) C.25(=115)  0.03(+12) 0.00(=171)
‘ 15 97,609 (+107) 1,76 (=102) TUST(+37) N0.06(+140) 0,01(=~116) °
| 16 93,27 (+159) 1,30(=73) 0.21(-93) 0,11(+57) 0.01(=162)
17 9h, 33 (=152) 2ohE(+10) DAk (+149) 0.09(-21) 0,01 (+177
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r 21 GL.72(+171) 3.2 (4130 0,24(+153) 0.,01(+39) 0.00(=143%)
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- A
Kt Arbitrary radiated wave parameter for straight breakwater, 1/ft ]
L Wavelength at arbitrary location, ft }j
. LO Incident wavelength, ft .:]
! Lr Wavelength reflected from breakwater, ft - :
‘ LL Wavelength radiated from breakwater tip, ft )
n Ratio of group velocity, Cg , to wave celerity, ¢ , dimensionless . _:
P Rate of wave power transmission, lb/sec .
r Radial distance, ft T
r Phase function parameter, ft :4:E
R Phase function of waves radiated from curved breakwater tip, deg ‘. ?'E
Rs Phase function of waves radiated from straight breakwater tip, deg o o "d
s Bottom slope, dimensionless ;
S Phase function of incident wave for curved breakwater, deg . 4
SS Phase function of incident wave for straight breakwater, deg
Sz(pf) Fresnel sine integral, dimensionless ®
S Phase function of wave reflected from curved breakwater, deg ':J
§s Phase function of wave reflected from straight breakwater, deg
t Time element, sec A
T Wave period, sec ®
u, Diffraction integration limits, dimensionless
u, Diffraction integration limits, dimensionless :
u Two-dimensional horizontal velocity vector, ft/sec
X Horizontal direction in Cartesian coourdinate system, ft '-f,‘ﬂ
y Horizontal direction in Cartesian coordinate system, ft
z Vertical direction in Cartesian coordinate system, ft
Y Arbitrary parameter, dimensionless - J
5 Béttje§ wave number correction factor (axx + ayy)/kza, 4%L?
dimensionless ]
n LLocal water-surface elevation and complex wave amplitude, ft - )
(3] Arbitrary wave angle, deg - .:
60 Incident wave angle, deg . e y
Br Reflected wave angle along breakwater, deg .
GL Radiated wave angle from oscillatory point source at breakwater tip, 1
deg
hit 3.1415926054, dimensionless °
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1 (OSH(Peii) ax2)

LF (apsC(pPi-pP)/P) LY, 0,.005) GO Y0 772
P=P
G0 10 771

772 SCD=P Y «SIN(AREF(NN))
CEFC{NY=S TN
LN v n . 1Y S1=S(0)
TP (MY JfFd. X2) 5¢2=5¢(D

IF (kY (FQ, NN) STPY=x1-x3
IF (kY (NE, NY) STPU=ASS({(X1-X3)/(K1=-NN))
IF nt B, x1) DC=1,
IF TN .57. K1) pC=-1,
RAYII=),5+SCD/SQRT(PI%a2-S(Dww2)n(=1," . (CeSTPN
. PHAT L=, S«STPN«{=1,)+DC+SAGRT(P1+22=-SC, ~+ )
e IF (N JE2, K1) K=1
5 IF (N4 JNE. X1) K=(XT1=-NN)
} [F (¢ (LT, D) x=-¢
- IF (N9 L5, K1) x=x1
b

TP (X LF2., XX) GO TO 888
DY 887 L=1.,¢
IF (N JNE, XT1) X=STPMaL#DCeX3
I[F (L .EQ. 1) GO TO 883
RAYI[=SRAYI[-DC/SQRT(PI1#a2-SCDax2)s0,5«STPN2SCD
PHAII=PHAII-DC#SQRT(P14a2-SCD*x2)+0,5+5STPN
8873 H2DEPTH(X)
882 P12P-(GeP*TANH(P*H)~F2)/(G*TANH(P*H)4G*PaH/
1 COSH(P*H) *+2)
IF (ABS((P1-P)/P) LT, 2.005) 60 10 881
o=zp
GO TO 832
A1 IF ((SCD/P1yaw2 5T, 1,) GO TO 887
RAYII=RAYII=-DC/SART(P1ae2-5CD#s2)a S«STPN*SCD
PHAII=PHAIL-DC*SQRT(P1+#2-SCD*22)« 5+STPN
889 CONTINUE
YRE(NN)SYBW(NN)+RAYI]
SRE(NM)SSO(NN)I+A3S(PHALIL) *ABS(X3=X)/(X3=X)+SCD(
1 YRE(NY)~YBW(NN))
63 19 779
888 YRE(NNISYBW(NN)
SRE(NN)=SO(VYN)
779 WRITE (10,230) NN,YRE(NN)»SRE (NN) Lo
777 CONTINUE o
G0 10 83 S
887  0) 999 Js1,yN ‘ .
Mzyy-Je?
é MM Y1z ®
| YRE(M)SYRE (MM1) +1,
| SRE(M)2SRE (MM1) 450D
- REFC(M)=SCD .
- WRITE (10+200) M,YRE(M),SRE(M) ' 1
- 999 CONTINUE
X S1=5¢CD

M) Jen g

p—

AER AR o

-

- (omommmmmmemace e COMPUTE WAVE NUMBER AT THE (RISS SECTION-===ac-uo- —
_ 83 H=DEPTH(XY 1) —.—1
[ 16 P1#D-(Ge >« TANKIPOHI~F2)/{GTANH(P+H) $GaPoaH/COSH(P a H) C
5 1 a2 -
3 IF (ARS((PY-P)/P) LT, 2.005) GO 10O 17 RN
- Pxpy R
. 63 19 16 ‘ o
_ 17 Wngsepd . ‘-f4
{ ACSTARSINCSCI/WNCS) ‘
R -==-===~(OMPUTE AMPLITUDE RATIO DUE TO REFRACTION==ca=e-== e
3 BL  AMFRSORT(ABS (WNCSCOSCAIPI/180,)/WNI/COSCARSINCSCI /NN =
! TSI/ 42, e WNCSeDEPTH(XT) /S INH(2, *WNCS*DEPTH(X1))))) ) '
p AMFEAMFeSQRT (1,42, sWNI/SINHI2 eWNI)) !
WRITE (10,45) B

{ 65  FORMAT ('0','AMPLITUDE RATIO DUE TG REFRACTION ONLY') :

- WRITE (13,130) AWf
t WPITE (1D,644)
64 FIRMAT (°0','ANGLE A OF INCIDENT RAY AT THE TIPY)

B5
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L gy

T Y

S e . ous e e ame o

WRITE (1N, 130) AT

(=-=e-smrrmmc s mem e = COMPJITE WwAVE NO'S AT GAUSS QUAD, X-POINT=-=cew-~c=--
D) 5 X=1,8
K¢z}
X53tX T eX2Y /2 .4 (X1=XD) /2, «GAUSS(T1,K)
7 H=DEPTH (XSG
8 P12 (e e TEANN{Pa ) =F2)/ (CATAYH(PoH)+52PoH/(COSH(P*H))
1 LIL D
1F (AASw(PI-PY/P) LT, 0.005) GO 15 9
P=py
Y 1y 3
9 IF (ex=1) 15,1 ,4
10 WM (2ex -1y =1
KKzvy +)
X5=x1+x1-XG
6Y 10 7
" AN (2K )=
é CONTINYE
R R e i CALCILATE INCIDENT WwAVE RAY PHASE INTEGRAL FROM
(mmrmmm e rr e m s T1P 70 x=SE° Tl -~mmrermer e e s s e e rr et e m o .-~
PHALI=0,

DY 12 L=1,3
PHAI T =PHAT T+ (CITANCARSEIN(SCI/WN(2+L~1)))+4COTANCARSINC
1 SCI/wh(2e1))))eSCIonAUSS (2,0 )0 (X1-20)/2,
12 CONTINE
WRITF (17,63)

68 FIRAAT ("1, ANGLE A& (DEG) Y LOCATION AMP_ RATIO DIR
1 « DF AAVFES')
[ ittt it DOENARE SCALLING LIM[T--=-v—ccsecvrmenconmososone=~ -
M1=A1/AS
M2=A2 /A5
(=ccmmmm e mcmmmem m e = ENTER SCANNING L O0P=-w-ce=- PR el R -—————
DY 13 M=wy,v2
A= A5e"

1F (8 .13, 20,) 50 10 13
IF (A €0, 187,35 37 TQ 13
IFEC A .82, 270.) 33 10 13
1F (& .£2. A3R) 52 TO 13
(===mmmmmmmmm-memmm-- [MITIALI2f~wm-mmmcmmcooommmmmne R R e LR R LR
PAALID =T,
RAYID =11,
SCOTWNT RS 15{A«RT/180,)
AYCSTARSIN(SID/WNCS)
(mmemmmmmmmem oo COMPUTE DIFFRACTED RAY R AND Y INTEGRALS FROM
fmmmmmm e mmmcmee e TIP 1D X=SECTION===-=-c-msomaan T it
53 15 4=1,8%
PAAIDZPHATDE (COTANCARSINGSCD/WN(2eN=-1)))+COTANCARSINC
1 SID /At 2 I a5 CDBAUSS (2, N8 (X1=X0) /2,
RAYIN=PAYIOF (TANCARSIN(SCO/WNC(2eN=1)))+ TANCARSINCSCD/
1 ANE2eN)I) I EGAUSS (2, N) 8 (x1=Xx0)/2,

15 CHT L gFE

Yz-1,+2AY1D

(mmmmmmmme e e mmemm e OO JTE Re-memmcceces—memce—re- - et
R=A3S (A ] D) +ARS(Y*S (D)

(emememeemmme e em = e COMPUTE Semc-mamerceccocom e B -
§=A4G (PHAT ) #A3S(XD=-x 1)1/ (X0=-X1)+Y+S(C]
o=,
Favs -,

(mmmmmcmmomaceccm cmm=f KB ]E SR e s cm e mmeeemes o sscseseseeooo s mmo o

F (A% LG6T. ATY 63 1D 601

FoUY .57, YREC(K2)) $3=SRE(K2)I+SK2e(Y-YRE(K2))

IF (Y .nT. YRE(K2)) REX=SK2

Py JLT. YREC1)) S$3=SRFC(1I+SIe(y~YRECT))
IF (v .uT. YRECI)) RiK=S]
IF (Y .57, YRFC1) AND, ¥ .LE. YRE(X2)) GO TO0 602
6) T9 673

802 B) 506 1=1,¢2
IfF (v .LF. YRECI)) GO TO 605

606  CONTINUE

635 [F (v .+, v2F(1)) SA=ZSRFC(I)
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507
608

633

(*mmm—-

33

9876

LE (Y J€0. YRECI)) REX=xEFK(])

IF (Y (LT, YRE(I)) SB=(Y-YRE(I))*(SRE(I~=1)-SRE(]))
FCYRECI-1)-YRE(IDII+SRE(C])

LF (Y LT, YRE(I)) RE<=(V-YRE(I))t(REF<(I-1)-REF<(I))/
(REFK(I~1)-REFK(1))+REFK (])

GO TO0 603%

IF (Y 53T, YRE(1)) S3=SRE(1)+S1e(Y-YRE(T))

IF (Y (3T, YRE(1)) REX=S1

IF (Y _LT. YRE(K?2)) SB=SRE(K2)+SK2«(Y-YRE(K2))

IF (Y LT, YRE(K?)) REX=SK2

FOOY _GFL. YRE(K?) _AND, Y .LE. YRE(1)) GO 10 60%

GO 1O 603

DO 607 I=1,¢2

IF (Y ,GE. YRECI)) GO T2 608

CONTINUE

IF (Y _EQ. YRE(])) SB=SRE(T])

IF (Y L(E3. YRE(I)) REK=REFK(])

LF (Y (GT4 YRE(I)) S8B=(Y=-YRE(I))I~(SRE(I=1)-SRE(CI))
JLYRE(I=1)-YRE(IDII+SRECI)

IF (Y 6T. YRE(ID) REK=(Y~YRE(I))*(REFK(I-1)=-REFK(I))
JCYRE(I=1)-YRE(I))¢REFK(])

-------------- ASSIGN SIGN OF THETA, THETAB FIR DIFFERENT REG]ONS
-------------- IN THE FEELD==mv s e oo i ccmcecccmeccacaan

(F (AT _GT, A3R) GO 10 633

IF (A .57, AT) FhHt1=-1,

IF (A ,GT, &3R) Fp1=1,

IF (4 _GT, 48R%) Fn2=1,

[F (A 5T, AREF(K0)*1R0,/P) FD2=-
GN 10 33

IF (& .GT., AREF(KI)I*1RI,/P] _AND. A LT, ABR) FD2=1.

IF (A ,GTs &8R LAND. A LT, AT) FDI1=-1,

------------- “CALCULATE THETA, THETABe====m=csccceccccccrcccacenn

THETASSQRT (-5) :
IF ((R=-53) LT, J3.,) GO 70 13
THETA3=SIRT(R=-SB)

-------------- COMPUTE SINES ANOD COSINES OF S, SBeewwocecmcocaamo-
ESS=SIN(S)

ESC=COS(S)

ES3S=SIN(S])

ES3C=COS(SH

XXSTHETAs*2,

-------------- CIMPUTE FRESNEL INTEGRALS VIA SU3SROUTINE (S=ewme=w=~

DI 35 NNu=1,2
CALL CS(C/,S8S,XX)
FI(NN,1)=C
FI(MN,2)=5S
XX=THETAJx42,
CONTINUE

-------------- COMPUTE AMPLITUDE RAT[D=om--ccmmmmcee oo cacacaana-

AMR=AMF2SQRT ((((ESC+ES3C~ESS-ESBS) /2. +C(ESC*FI(1,1)-ESS
*FLC1,2) ) #FDI4 (ESBCYFI(2,1)-ESBS*F1(2,2))%FD2) w2+ (ESC
$ESACHESSH4ESIS) /2 +(ESSeFI(1,1)+4ESCFI(1,2))eFD1+
(ESISeFI(2,1)¢ES3CFI(2,2))eFD2)4%2)/2.)

AAT=D S+FDI*FIC(1,1)

AA2=0,5+FD1*FI(1,2)

81=z0.5+F02¢F1(2,1)

B2=],5+FD2+F1(2,2)

CTzAAT~AAT+RA 20 A2

€2=31+31+82+82

D1=AA1+81~A42+32

D2=314AA2~A8 1232

CSS=FESCeESBL+ESSeg53S

SSS=ESS*ESBC-ESCsF$BS

DSINY=C1'SCI-C2'RE<0(StI-RFK)'(D1'CSS-02-SSS)

1 (ABS(REK) 5T, A3S{WNCS)) GO TO 98756

DS!Nx=C1'SQ?T(JNCS'JNCS-SCI'SCX)OCZ'SQPT(NVCS'HNCS-R£K-RE()

*(SQRT(UNCS'UNCS-SCI'SCI)-SQRT(HNCS‘HNCS-REK'REK))t(D1'(SS-D2
*§5%)

GO T0 8745
DSINX350RT(lNCS'HVCS'SCl'SCl)'(C1'D1tCSS'02'SSS)

B7
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PR A PR I SN s At Sad At s ANt S S i At i At A St~ A Tl e dC W i A A R M AR e ARSI M Nl A e R |

_,0.3
]
99.000 27.062 1,177 190.216 -
100.000 26,225 1,218 189,477 d
101.000 25.428 1.267 190.000 S
102.000 26,667 1.291 189.693 _ e
103.000 23,940 1.275 188.969 o
106,000 23.245 1,230 188,713
105.000 22.578 1.183 188.959 }
105.N00 21.938 1.160 189,326 o
107.000 21.323 1,171 189.507 v_j
108.000 20.731 1.210 189,524 e
g 109,000 20.161 1.257 189.575 o
% 110.000 19,612 1.295 189,741 L
: 111.000 19.082 1.314 189,802 Sl
! 112.000 18.569 1.31) 189.359 R
- 113.000 18.073 1.285 188.533 o
. 114.000 17.594 1.245 188.436 ®
1 115.000 17.129 1.220 189.547 ]
[ 116.000 15,678 1.159 189.947
117.000 16,240 1.131 189,135
. 118.000 15.815 1.119 190,225
i 119.000 15.402 1,127 190.862
120.000 15.000 1.150 189,415 ®
p 121.000 14,608 1.186 197.823 _ 1
: 122.000 14,227 1.228 189,951 '
: 123,000 13.855 1.271 189.695 A
[ 124.000 13,492 1.311 190.316 DY
i 125.000 13.138 1.345 188,971 ]
( 126.000 12.792 1.372 190.147 °
. 127.000 12,456 1.391 188.600
128,000 12.124 1.420 189.817
129.000 11.800 1.401 188.351 o
130.000 11.483 1.395 189,532 .
131,000 11,173 1.380 188.207 ]
132.000 10.869 1.350 189,276 °
133,000 10.571 1.334 188,285 |
134.000 10.278 1.323 188,920 PRRGSE
135.000 9.990 1.259 188.700 NN
136.000 9.708 1.231 188.419 AN
137,000 9.431 1.192 189,291 giptﬂ
138,000 9.158 1.151 188,141 _jL;
139,000 8.889 1.129 189,427 SE.
140,000 8.525 1,056 188.742 ]
141,000 8,365 1.024 188.708 N
142,009 2,109 0.982 189.854 1
143,000 7.856 0.941 188,394 ]
144,000 7.507 J.901 189,568 e
145,100 7.362 0.851 189.911
146,000 7.119 J.824 188,303 ]
147.000 6.880 N.787 190.308 ]
148,000 A 3,752 189.963 1
149,009 6,410 n.719 188,117
150,000 5.189 ).687 190,849 °
B9 -.'A ]
.. ® 1
) 1
B e Ll e e LW . ]
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151,070 5.951 3.657 190.272 S
152.000 5.725 0.628 187.552 e
153.000 5.502 0.601 190.958 R
154,000 S.281 1.575 191.175 Y )
155,000 5.761 J.551 186,741 e
154,000 L3414 nL,528 189,970
157,000 4,529 3.506 192,775
158,000 Lot 3,486 186,959 o
150,710 bo20d N.456 187,299 C]
160,000 3.994 Tebt8 193,874 e .
161,007 3,785 3,432 1923.259 1
162.700 3,578 T.41% 184,885 ]
153,000 1,372 D.601 132.041 .
164,200 1167 n,387 195,523 .
165,000 2.964 D.374 188,374 o ;
164,000 2.761 ). 241 188.658 °
167.099 2.560 7,350 197,111 :
168,020 2.359 J.3392 196,803
146,007 2.160 2.329 192.096
179,700 1.961 2.319 1795.426
171,000 1.763 7.310 199,444 ]
172.000 1.565 7.372 198,647 P
173,000 1.349 D.29¢ 198,702 .
176,020 1,172 1.286 198,672 ]
175,000 2.976 0.279 194,461 ;
174,000 0.780 N.273 195.521 .
177.000 2.535 J.25% 201.190
178,000 0.3720 N.261 195.506
179.000 T.1%8 3.255 182.298
121,000 0,195 1.245 231.580
182,000 -~ TIn 0,241 197.383
183,000 -0.58S 2.236 186.856
184,000 -7.78%5 1.232 195,187
185,790 -1, J3.228 275.808%
186,770 -1.172 N.225S 205,256
127,000 -1.369 1.222 205.018
138,009 -1.565 J.218 2)5.284
125,900 -1.763 N.215 196,671
130,071 =1.9341 J.213 188,365
191,970 -7.160 7.210 200,896
122,070 -7.359 31.227 236,106
1T, -7.569 3.205 191.716
Tl -2.,761 J3.207 128,340
195,000 -7.964 2.201 205.698
194,070 ~1,147 7.199 213.720
137,900 -T.372 1.127 20R.668

b 122,370 -2 _57R 7.196 212,182

g 195,070 -2,785 J.196 204.668

) 271,000 -3.994 J.19% 181.818

- 201,000 -4,204 1.192 189,190

{ 292,170 AR 7.191 211.458

° 213.09¢0 -4 .629 0.190 212.071
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204,000 -1 7.189 210,642
205,000 ~5.3561 J.1%Y 213,792
206,002 =5.281 N.188% 198,754
217,000 -5.502 0,187 186,079
208,137 =5.725 JaIn? 278,237
202,000 -5.751 DL 1R7 214,457
Definition of Program Parameters
Name Description

A Scanning angle

ABR Angle of tip of breakwater with normal to shoreline

ABW(110) Local angle of breakwater

ACS Angle of incidence at arbitrary cross section

ADCS Angle of radiated ray at arbitrary cross section

Al Angle of incidence at infinity (deep water)

AMF Amplitude ratio due to shoaling effect

AMR Amplitude ratio due to combined refraction and diffraction

APA Local angle of wave propagation

AREF(110) Angle of reflected wave along the breakwater

AS Scanning angle step

AT Angle of incidence at the tip of the breakwater

Al Lower limit of the scanning angle (>90 deg)

A2 Upper limit of the scanning angle (<270 deg)

CS Fresnel integral subroutine

DEPTH (X) Water depth

ESBC Cos(SB) (Cosine of phase function of reflected wave ray)

ESBS Sin(SB) (Sine of phase function of reflected wave ray)

ESC Cos(S) (Cosine of phase function of incident wave ray)

ESS Sin(S) (Sine of phase function of incident wave ray)

FI(2,2) Output for subrontine €S

G Gravitational acceleration constant, 32.15184 ft/sec2

GAUSS(2,8) Location and weight factor for 16-point Gauss Quadrature

H Water depth

PHAID Integral part of phase function of radiated wave ray

PHAII Integral part of phase function of incident wave ray

P1 3.14159265359
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Name - Description e
R Phase function of radiated wave ray -
RAYID Integral part of the location of a radiated wave ray PY b
RAYII Integral part of the location of a reflected wave ray ]
S Phase function of incident wave ray )
SB Phase function of reflected wave ray 7 f:
SCD Snell's constant for radiated wave ray from breakwater tip
SCI Snell's constant for incident wave ray
SO(110) Phase functions of incident waves along the breakwater
SRE(110) Phase function of reflected wave along X1 «cross section
STP Step size of numerical integration along a ray by the trapezoidal ®
rule
T Wave period in seconds :
1
THETA Square root of (R - §) ]
THETAB Square root of (R - SB) ;
WN(16) Wave number at Gauss Quadrature points o r
WNCS Wave number at arbitrary cross section .o
WN [ Wave number at infinity {(deep water) _;
WNT wWave number at tip ol breakwater L
X0 X-coordinate of tip of breakwater o
X1 X-coordinate of arbitrary cross section ]
X2 X-coordinate of end of tracing region (X2 > X0) “]
XG X-coordinate of Gauss Quadrature points X
YBW(I110) Y-coardinates ot the breakwater - 7.._ 1
§ YRECT110) Y-coordinates of retlected wave rays along X1 arbitrary cross ﬂ;f .
- section -:‘__ ,\:
* RO
: R
2 s ';' J
- 2
h S o
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t ]
i °
s .
p.
3
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3 ]
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